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‘Glittering white, shining blue, raven black, in the light of sun the land looks like 
a fairy tale.  Pinnacle after pinnacle, peak after peak – crevassed, wild as any land 
on our globe, it lies unseen, untrodden’                                 Roald Amundsen, 1904 
 
 
‘By three methods we may learn wisdom: First, by reflection, which is noblest; 
second, by imitation, which is easiest; and third by experience, which is bitterest’                               
                Confucius, 551BC 
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ABSTRACT 
 
With increasing visitor numbers an understanding of the impacts of human 
activities on Antarctic soil environments has become an important issue.  The 
overall objective of this thesis was to investigate soil physical impacts, and 
soil recovery rates, following human disturbance in the Ross Sea region of 
Antarctica.  Visually disturbed and nearby control sites were assessed using a 
combination of techniques, including field-based visual site assessments, 
comparative photo-records, a desert pavement recovery assessment method, 
soil sampling, and soil dry bulk density measurements.  An experimental soil 
disturbance trial was set up near Scott Base and bacterial DNA profiling was 
used to investigate the response of communities to removal of the top 2 cm of 
soil.  Infra-red track counters were installed on Ross Island walking tracks to 
record visitor use over a two-year period. 
 
Five case studies, from former research stations to field campsites, were 
investigated to assess the accuracy of the impacts predicted in environmental 
impact assessments and the observed impacts.  In all cases there was a high 
level of consistency between predicted and observed impacts.  It was 
apparent that the environmental impact assessment process raised 
environmental awareness of visitors; motivating them to avoid, remedy, or 
mitigate, their environmental impacts.   
 
A field-based method was developed to assess desert pavement recovery and 
tested on 54 sites.  Eleven criteria were used: embeddedness of surface 
clasts; impressions of removed clasts; degree of clast surface weathering; % 
overturned clasts; salt on underside of clasts; development of salt coatings; 
armouring per m2; colour contrast; evidence of subsidence/melt out; 
accumulation of salt on cut surfaces; and evidence of patterned ground 
development.  Recovery criteria were assigned a severity rating on a scale 
from zero to four, and the Mean Recovery Index (MRI) of the site was 
calculated relative to an equivalent control.  Five recovery stages were 
defined as recently or highly disturbed (MRI of 0-24%), through to 
indistinguishable from control site (MRI = 100%).  Fifty of the 54 sites 
investigated were in an intermediate or higher stage of desert pavement 
recovery (MRI > 50%), 30 sites were in an advanced stage of recovery (MRI > 
75%), and four sites were indistinguishable from adjacent control sites (MRI 
= 100%).  Active surfaces, such as gravel beach deposits, aeolian sand, and 
alluvial fan deposits, recovered relatively quickly and had higher MRIs, 
whereas less active sites of higher intensity disturbances, such as bulldozed 
tracks at Marble Point, had lower MRIs, with only intermediate recovery up 
to 50 years after disturbance. 
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Following physical impacts such as foot and vehicle traffic the surface 
recovery recorded here was often greater than that predicted by previous 
researchers.  At one-off campsites, footprints from dispersed trampling were 
undetectable within five years.  At some sites walking tracks remained visible 
in the landscape 17 years after they were formed (due to surface 
recontouring and larger clasts concentrating along track margins).  For steep 
slopes and sites where repeated visits occur, use of a single track is 
recommended.  At sites where visually obvious impacts were remediated by 
replacing larger stones back in their original positions, ensuring that surface 
stones are placed with the weathered side up, and raking of gravel sand-sized 
displaced materials, visible evidence of former occupation was almost 
undetectable.  Concentrating activity on young, active, and readily 
recoverable surfaces, or resilient bedrock, is recommended. 
 
There were no significant changes in bacterial community structure in 
response to experimental removal of the top 2 cm of soil over a 35 day 
sampling period.  Differences in bacterial community structure between 
samples correlated with differences in soil electricity conductivity (R2 = 0.55) 
and soil pH (R2 = 0.67), reflecting small scale (< 2 m) soil heterogeneity. 
 
Infrared track counters recorded: 5084 passes on the Scott Base to McMurdo 
Station walking track, 2842 on the Wind Vane Hill walking track, 3561 on the 
Round Observation Hill walking track, and 10936 on the Up Observation Hill 
track between January 2009 and January 2011.  On the Crater Hill summit 
walking track there were 693 passes in 2009.  Higher counts were recorded 
on all tracks in the 2010/2011 summer season, compared with the 
2009/2010 summer, and the highest frequency of visitors occurred on 
Sundays in the summer months.  Peak daily counts at the Wind Vane Hill 
track coincided with the arrival of tourist ships.  There was no relationship 
between the number of passes on the track and the measured impacts, 
indicating that higher usage of a formed track had little cumulative impact.  
Track width and track incision were related to the slope of the terrain, with 
tracks traversing flatter areas generally wider (R2 = 0.85) and less incised (R2 
= 0.96) than those traversing steeper hillsides.  Soil dry bulk density was 
higher in the walking tracks compared with the adjacent control areas (p 
<0.05).  
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1                  INTRODUCTION 
1.1 Environmental setting of the Ross Sea region of 
Antarctica 
Antarctica, once known as Terra Incognita, the unknown land, is a continent 
of contrasts.  Antarctica is the coldest, driest, windiest, highest and most 
unforgiving continent on Earth, and also an international focus of science, 
exploration, and public interest. 
 
The Ross Sea region comprises approximately half (or 23,000 km2) of the ice-
free or soil forming areas of the Antarctic continent (Fox & Cooper, 1994).  
The physical boundaries of the Ross Sea region, as defined by Waterhouse 
(2001) are inclusive of the ‘Siple, Shirase, and Saunders coasts in Marie Byrd 
Land, the Ross Ice Shelf, and the Transantarctic Mountains from the 
Amundsen Coast to the Pennell Coast in Oates Land’ (Fig. 1). 
 
The dominant landscape features of the Ross Sea region include the 
Transantarctic Mountains, the Ross Ice Shelf, areas of ice-free ground 
including the McMurdo Dry Valleys, a number of active volcanoes, and over 
4,000 km of coastline.  The largest continuous expanse of ice-free ground in 
Antarctica occurs in the Ross Sea region, known as the McMurdo Dry Valleys 
in Southern Victoria Land (Fig. 2).  The McMurdo Dry Valleys are dominated 
by three, generally west-to-east- orientated, glacially carved valleys - the 
Victoria, Wright, and Taylor valleys, and comprise approximately 6,000 km2 
of ice-free ground (Waterhouse, 2001).  The McMurdo Dry Valleys are home 
to the longest river in Antarctica, the Onyx River, and freshwater lakes such 
as Lake Vanda, and the hypersaline Don Juan Pond, both in the Wright Valley.  
Glaciers dot the valley walls and summer runoff and snow-patch melt 
provide water inputs to the desert environment.  
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Fig.  1.  Map showing the Ross Sea region of Antarctica, from Huston & Waterhouse, 2002, p. 
2 
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Fig.  2.  Map showing the proximity of the McMurdo Dry Valleys (Victoria, Wright, and Taylor 
valleys) to Ross Island, Scott Base and McMurdo Station, from USGS Water Science Center 
(http://wy.water.usgs.gov/projects/antarctica/htms/map2.htm).  Red rectangles show the 
valleys investigated in this research. 
 
Strong winds, cold temperatures, and storms are synonymous with 
Antarctica and are a challenge for visitors.  Continental coastal Ross Sea 
region temperatures are comparatively warm compared with the Antarctic 
interior, with the monthly mean air temperatures at Scott Base ranging from 
-1 °C in January to -38 °C in May (data from Scott Base climate station, USDA, 
http://soils.usda.gov/survey/smst/antarctica/ScottBase/).  The McMurdo 
Dry Valleys have extremely low annual precipitation (approximately 10-15 
mm per annum rainfall equivalent as snow, Campbell and Claridge, 1987), 
and thus are a desert environment. 
 
The Ross Sea region is a harsh environment for terrestrial biota.  There are 
no land-based vertebrate animals or flowering plants, and so primary 
producers are cyanobacteria, eukaryotic algae, mosses, and lichens (Wall, 
2007).  Terrestrial fauna found in the Ross Sea region include collembola, 
mites, nematodes and protozoa (Wall, 2007). 
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1.2 Soil environment of the Ross Sea region of Antarctica 
Low precipitation, extremes in temperature, and minimal biological activity, 
characterise the environment from which the soils of the Ross Sea region 
have evolved.  Bare rock is estimated to comprise 10% of the ice-free areas in 
the Ross Sea region (Waterhouse, 2001) and soil forming materials are 
diverse.  Ross Sea region soils are found on weathered rock surfaces, volcanic 
scoria, scree and till deposits on the valley walls, floors, and mountain 
cirques.  To a lesser extent, soils can also be found on reworked aeolian and 
fluvial deposits, coastal beach gravels, and even developed on guano amongst 
penguin rookeries.  The plethora of soil parent materials, including 
sandstones, basaltic scoriaceous rocks, granites, grano-diorites, and dolerite 
intrusions, result in a range of soils that fall within the United States 
Department of Agriculture soil taxonomy Gelisol order (Soil Survey Staff, 
2010). 
The diversity of soils in the ice-free areas of the Ross Sea region are a 
function of regional geographical and glacial history (land-surface age), 
topographic position, local climate variations and associated soil forming 
processes such as physical and chemical weathering, and soil parent material 
(Table 1).  A common thread through almost all Ross Sea region soils is the 
occurrence of desert pavement and the presence of permafrost. 
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Ross Sea region soils generally lack structural development and coherence, 
and the loose material is covered by a thin protective layer of gravel, or 
coarse sand, known as a desert pavement  Desert pavements play an 
important role in the desert system, acting as protective armour to stabilize 
both the slope and the soil (McFadden et al. 1987).  Once the desert 
pavement is disturbed, underlying finer, loose, material is susceptible to wind 
erosion.  The subsurface material beneath the desert pavement includes the 
active layer and permafrost.  The active layer is the layer of soil material 
(above the permafrost) that is subject to annual or diurnal cycles of freezing 
and thawing (Campbell et al. 1994).  Permafrost, by definition, is the material 
beneath the soil active layer that remains perennially frozen for at least two 
consecutive years (Grosse et al. 2011).  The presence of permafrost beneath 
Ross Sea region soils is an important soil property as it has implications for 
landscape stability and will be discussed further in Chapter 2. 
 
The soil ecosystems of the Ross Sea region are exposed to large variations in 
temperature and solar radiation (24-hour sunlight in the summer and 24-
hour darkness in the winter), steep chemical gradients, and high levels of 
UVB light.  To further accentuate the hostility of the environment, physical 
and chemical properties associated with soils also impose low levels of soil 
organic matter, low bioavailability of water, and often high salinity conditions 
upon soil communities (Cary et al., 2010).  
 
1.3 Human activity in the Ross Sea region of Antarctica 
1.3.1 Early explorers 
Sir James Clark Ross discovered the Ross Sea in 1842; landings followed and 
the first winter-over was conducted by the Norwegian-crewed British 
Antarctic Expedition between 1898 and 1900.  The Heroic Era (1895-1917) 
comprised at least eight expeditions in the Ross Sea region, and as a 
consequence, leaders such as Borchgrevink, Scott, Shackleton, and 
Amundsen, left relics, including huts, relating to human discovery of the 
continent.  These first explorers carried out geographic and scientific 
exploration, collecting plant, animal, and rock specimens, and mapped 
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previously undiscovered areas.  Together with the first visitors and their 
early scientific and construction activities, come the first legacies of 
environmental impacts.   
1.3.2 Contemporary visitors 
The upsurge in scientific activity of the early 1900s was reignited in the 
International Geophysical Year (IGY) in 1957/58, with three year-round 
scientific bases established.  There are currently four stations in the Ross Sea 
region, two permanent year-round stations (Scott Base, summer population 
approximately of 320, winter 10-20; and McMurdo Station, summer 
population of 1350, winter 350) and two permanent summer-only stations 
(Terra Nova Bay or Mario Zuchelli, Station, Italy, and Gondwana Station, 
Germany)  (Waterhouse, 2001).  An airlink between New Zealand and the 
Ross Sea region services approximately 100 flights between September and 
March each year. 
 
The New Zealand, United States, and Italian Antarctic programmes constitute 
the majority of present day human activities in the Ross Sea region.  It is 
estimated that over the last 50 years, up until 2001, approximately 70,000 
people have been involved in scientific research and logistic support in the 
region (Waterhouse, 2001); an estimate likely to be approaching 90,000 in 
2012.  Land-based research activities are diverse and in the past have 
included solid earth geophysics, biological sciences, drilling projects, 
climatology, and environmental sciences.  Large-scale land-based and off-
shore drilling projects have included the Dry Valley Drilling Project, the Cape 
Roberts Drilling Project, and most recently ANDRILL (ANtarctic geological 
DRILLing).  Terrestrial scientific research continues to occur, and can involve 
soil pit digging, soil sampling, and equipment installation.  
 
Legacies of the last 60 years of scientific investigation and human occupation 
are scattered at isolated sites across the Ross Sea region, particularly in areas 
close to the major research stations and semi-permanent field camps 
(Campbell et al. 1993; Tin et al. 2009; Kennicutt II et al. 2010). 
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1.3.3 Tourist visitors  
Tourism on the Antarctic continent dates back to 1891, when the first 
tourists were passengers on resupply ships to the sub-Antarctic islands.  
Antarctic tourism, as it is practised today – expeditions in large vessels and 
small group cruising in zodiac boats - was initiated in 1966 where passengers 
were ferried around the Antarctic Peninsula.  The first Ross Sea region tourist 
ship carrying 24 passengers visited Scott Base and McMurdo Station in 
January 1968.  Regular annual ship-based tourism commenced in the early 
1990s in the Ross Sea region.  Voyages are typically 3-to-4 weeks at sea, with 
itineraries including visits to sub-Antarctic Islands, Cape Adare, Cape Hallett, 
and Cape Royds and Cape Evans on Ross Island.  The nature of tourism in the 
Ross Sea region, long journeys on board ice-breaker vessels, high expense, 
inaccessibility of some sites due to sea-ice, and lesser abundance of wildlife 
compared with the Antarctic Peninsula, keep Ross Sea region tourist 
numbers to an average of 400 landing passengers per season (IAATO, 2011).  
Ross Sea region tourism accounts for approximately 2% of the annual 
Antarctic-wide visitor numbers, a total that peaked in the 2007/08 season 
with 46,265 tourists (approximately 32,000 landings), and has since dropped 
to 38,824 for the 2010/11 season (IAATO, 2011).  Tourist activities in the 
Ross Sea region are based largely around visiting historic huts, research 
stations, seal and penguin breeding sites, and sea-ice walks.   
 
1.4 The Antarctic Treaty System 
All activities in the Ross Sea region are regulated through the national 
administrative and legal structures of the countries active in the region, 
underpinned by the international legal obligations resulting from the 
Antarctic Treaty System (ATS).    
 
At the heart of the ATS is the Antarctic Treaty (Antarctic Treaty, 2011), which 
was signed in Washington on 1 December 1959 by the 12 nations that had 
been active in Antarctica during the International Geophysical Year 
(1957/58).  The Antarctic Treaty established the guiding principles for all 
activity in the Ross Sea region.  In response to an increasing concern over 
11 
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rapidly rising tourism in the late 1980s and early 1990s, and the need to 
harmonise and adopt a more comprehensive Antarctic-wide environmental 
protection framework, the Protocol on Environmental Protection to the 
Antarctic Treaty (the Madrid Protocol) was formulated and adopted for 
signature in Madrid in October 1991 (see Antarctic Treaty, 2011).  The 
Madrid Protocol designates Antarctica as “a natural reserve devoted to peace 
and science”, and to that end, Annex I of the Madrid Protocol requires that 
before any kind of activity is conducted the possible environmental impacts 
need to be assessed.  The Madrid Protocol also mandates the protection of 
the wilderness and aesthetic values of Antarctica. The terms Environmental 
Impact Assessment (EIA) and wilderness and aesthetic values and where 
they fit into the greater picture of landscape recovery, vulnerability, and 
resilience, will be further discussed in Chapter 2.  
 
1.5 Impacts of visitors on the terrestrial environment 
Antarctic soils are vulnerable to disturbance due to their physical properties 
and naturally slow recovery rates suppressed by low temperatures, low 
levels of precipitation and high aridity.  As most human activities are 
concentrated in ice-free areas of the Ross Sea region, the potential for 
adverse human impacts on the soil landscape is great.  Ice-free areas are 
home to the majority of the historic huts, research stations, and biologically-
rich sites, and thereby attract a short influx of visitors each summer. 
Consequently, as human visitation is on the increase, concerns about 
cumulative effects, and the ability of the most frequented sites to recover 
after human disturbance, are also increasing. 
 
Current information is insufficient to accurately predict how or to what 
extent the physical features at particular sites may be adversely affected by 
repeat visits.  This knowledge gap will impede our ability to effectively 
manage sites of value, and may consequently prove detrimental to the 
natural assets of the ice-free areas of the Ross Sea region.  
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1.6 Research objectives 
My doctoral study aims to bridge the existing knowledge gap by investigating 
the physical impacts and soil recovery following human activities in the Ross 
Sea region of Antarctica.  There is a common belief that physical impacts to 
the Ross Sea region terrestrial environment are permanent, causing long-
lasting visible scars on the landscape.   Little is known about the recovery of 
desert pavements, the surface processes involved, and the timescales at 
which recovery occurs.  Specific research objectives were to:  
 
1) Investigate the effectiveness of the current Environmental Impact 
Assessment system with respect to predicting and managing the 
effects of visitor activity in the Ross Sea region.  This objective is 
addressed in Chapter 3.  
 
2) Develop a method to investigate the recovery of desert pavement 
following physical disturbance and test the method on a range of 
previously disturbed sites, across a variety of parent materials, 
landforms, and climates.  This objective is addressed in Chapter 4. 
 
3) To assess the impacts of, and visual surface recovery from, foot and 
vehicle traffic on varying soil landscape units in the Ross Sea region, 
including addressing the long-standing question: what has the 
greatest impact, single file pedestrian movements which form a 
“track” or footprints being spread randomly over a wider area 
(Chapter 5). 
 
4) To investigate the short-term effects of human disturbance on soil 
bacterial community structure at a controlled experiment near Scott 
Base.  This objective is addressed in Chapter 6. 
 
5) To investigate the relationships between the physiochemical 
properties of walking tracks and the number of track users at five 
13 
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popular recreational walking tracks on Ross Island.  This objective is 
addressed in Chapter 7.   
 
The objectives were designed to advance current understanding on how the 
Ross Sea region terrestrial environment might react to future human 
disturbance and assist environmental managers and decision makers by 
allowing better predictive and managerial capability.   
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1.7  Study locations 
The study area comprises locations of former and present day human activity 
in the Ross Sea region of Antarctica (Fig. 3).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Map showing the Ross Sea region sites investigated in this thesis. 
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The following maps illustrate the individual study areas.  Study areas 
included: disturbed sites around the Hut Point peninsula including McMurdo 
Station and Scott Base (Figs. 3 and 4), Cape Evans, Ross Island (Fig. 5), and on 
the Antarctic mainland, Cape Roberts (Fig. 3), and Marble Point (Figs. 3 and 
6).  In the McMurdo Dry Valleys, the Canada Glacier in the Taylor Valley (Figs. 
3,6, and 7), and in the Wright Valley, the experimental treading trial sites at 
Lake Vanda, former Vanda Station, and Loop Moraine campsite (Figs. 3 and 
6). 
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1.8 Thesis structure and publications 
This thesis is organised into an introductory and literature review chapters, 
followed by five research papers (three published, and two accepted and 
waiting final approval).  The introduction (Chapter 1) outlines the 
environmental setting of the Ross Sea region, and also includes dialogue on 
the soil environment, past and present day human activity, and impacts to 
the terrestrial environment.  The Antarctic Treaty System is also discussed.  
The literature review chapter (Chapter 2) explores the specific 
physiochemical and biological characteristics of Ross Sea region soils.  A 
discussion on previous soil disturbance studies is also included, and the 
environmental protocol to the Antarctic Treaty is discussed in detail.   The 
research papers resulting from this research are as follows: 
 
 Chapter 3, ‘The effectiveness of Environmental Impact Assessments on 
visitor activity in the Ross Sea region of Antarctica’  has been published 
as a book chapter in a Springer publication entitled: Issues in Polar 
Tourism: Communities, Environments, Politics.  Lundmark, L, Lemelin, 
R,Müller, D. (Eds.) Berlin-Heildelberg-New York: Springer.  
 
 Chapter 4, ‘A method for assessing the physical recovery of Antarctic 
desert pavements following human-induced disturbances: a case study 
in the Ross Sea region of Antarctica’ has been published in the Journal 
of Environmental Management. 
 
 Chapter 5, ‘Visual recovery of desert pavement surfaces following 
impacts from vehicle and foot traffic in the Ross Sea region of 
Antarctica’ is a paper in the Journal of Antarctic Science. 
 
 Chapter 6, ‘Short-term effects of human disturbances on soil bacterial 
community structure at an experimental site, Scott Base, Ross Sea 
region of Antarctica’ has been accepted in the Journal of Polar Biology. 
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 Chapter 7, ‘Ross Island recreational walking tracks: relationships 
between soil physiochemical properties and use’ has been accepted in 
Polar Record, awaiting final proofs and publication. 
 
A discussion and conclusions chapter (Chapter 8) draws on the results of the 
core papers and closes with a synthesis including on a discussion of the 
management implications arising from this research, study limitations, and 
recommendations for further research.   
 
Appendices 1 and 2 comprise supplementary information in the form of two 
unpublished reports for the environmental management division of 
Antarctica New Zealand.  The first report was prepared in April 2009 and is 
entitled:  Potential impacts and recovery of soil from camping activities at Cape 
Evans, Antarctica: Home Beach versus West Beach.  The second report was 
commissioned for Antarctica New Zealand to assist a mid-2011 review of the  
Taylor Valley Visitor Zone Management Plan in the McMurdo Dry Valleys, and 
is entitled: Canada Glacier Tourism Zone [now known as the Taylor Valley 
Visitor Zone] Antarctica Specially Managed Area Two (ASMA 2): State of the 
Environment.  Appendix 3 contains soil chemistry data for all Ross Sea region 
sites.  Appendix 4 comprises soil chemistry data for the Scott Base bacterial 
community structure experiment.  Appendix 5 contains soil physiochemical 
data for the Ross Island walking track sites.  Appendix 6 comprises TRF data 
for the bacterial community structure experiment. 
 
The work presented in this thesis, including fieldwork and laboratory work, 
data analysis, interpretation and writing, was my own.  My PhD supervisors, 
and paper co-authors,  Dr Megan Balks (University of Waikato, New Zealand) 
and Professor Jerónimo López-Martínez (Universidad Autónoma de Madrid, 
Spain), accompanied me and assisted in the field and contributed with 
discussion, advice on all aspects of the work and write-up of the manuscripts, 
as would be normal for PhD student supervision.  Co-authors Bryan 
Stevenson and Judi McWhirter have helped with advanced statistical analysis.  
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2                ANTARCTIC SOIL  
       AND HUMAN INTERACTIONS 
 
2.1 Introduction 
Impacts of human activities on the Antarctic environment date back to the 
arrival of the first explorers.  The ensuing Heroic-era and development of 
whaling brought the construction of the first permanent structures, and 
sustained human presence on the continent.  Since the International 
Geophysical Year in 1957/58, the intensity and diversity of human activities 
have increased, along with the risk of disturbance to Antarctic flora, fauna, 
and landscapes.  Tin et al. (2009) provides a thorough review of the impacts 
of local human activities on the Antarctic environment. 
 
The following chapter reviews the current understanding on the 
physiochemical and biological properties of Ross Sea region soils, and in 
particular, the properties that influence soil resilience and vulnerability to 
disturbance.  A section follows on previous soil disturbance studies in 
Antarctica, starting generally, and narrowing down to researcher’s works on 
physical disturbance in the Ross Sea region.  Important aspects of the 
Protocol on the Environmental Protection to the Antarctic Treaty are 
explored, including Environmental Impact Assessments; and a section on 
visitor attractions and tourism trends in the Ross Sea region closes the 
chapter.  
 
2.2 Types of human impacts in Antarctica 
Although my focus is directed on the physical disturbance to the Ross Sea 
region soil environment, past human impact studies have included: chemical 
contamination from land-based operations (Sheppard et al. 1994, 2000; 
Claridge et al. 1995, 1999; Campbell et al. 1993) sewage (Edwards et al. 
1998; Delille & Delille, 2000; Hughes, 2004; Hughes & Thomspon, 2004; 
 Physical impacts and recovery rates 
 
26 
Chapter 2: Literature Review 
Santos et al. 2005) and fuel spills (Aislabie, 1997; Aislabie et al. 1998, 2001, 
2004, 2006b, 2008; Balks et al. 2002); human impacts to flora and fauna 
(Harris, 1998; Naveen, 1996; de Villiers, 2008), and in particular wildlife 
populations (Tin et al. 2009 and references therein).   
 
Studies into the impacts of geoscience and national programme activities on 
the soil landscape have been undertaken (Campbell et al. 1993; Campbell et 
al. 1994; Harris, 1998; Kiernan & McConnell, 2001; Kennicutt II et al. 2010).   
Various studies into the introduction of non-indigenous species to the 
Antarctic terrestrial environment have also been carried out (e.g. Freckman 
& Virginia, 1997, Bergstrom & Chown, 1999, Convey, 2006).  The 
bioremediation potential of microbes has been investigated (Aislabie et al. 
2006a, Walworth et al. 2008 and references therein).   
 
2.3 Ross Sea region soil characteristics  
2.3.1 Desert pavement  
Desert pavements, of varying degrees of development, are a feature of Ross 
Sea region ice-free terrestrial environments.  Mature, undisturbed, desert 
pavements are typically characterised by a closely packed layer of gravel, 
cobble, and boulder sized rock material, which can be ventifacted, pitted, and 
coated with desert varnish (Fig. 8a,b) (Campbell and Claridge, 1987).   
 
Fig. 8.  Typical Antarctic desert pavements. a) Pitted scoriaceous basalt on Crater Hill; b) 
Beacon Heights sandstone, note polished, lowlying and closely packed nature of pavement 
surface.  Photo: Megan Balks. 
 
a b 
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Clasts are embedded into a finer matrix, and their undersides are often 
coated in salts (Claridge, 1965; McCraw, 1967).  The clasts are not usually 
strongly cemented to one another or the substrate beneath. Consequently 
desert pavements can be vulnerable to disturbance, and once the protective 
armour of the desert pavement is lost, the underlying fine grained fraction 
becomes susceptible to wind and water erosion.  Desert pavement formation 
is initiated through the process of winnowing, or deflation by wind (Cooke, 
1970), and over time less resistant rocks in the pavement are broken down 
by weathering processes, while the more resistant rocks become polished, 
stained and ventifacted (Campbell and Claridge, 1987).  As a consequence, 
soils on the older surfaces can have a desert pavement lithology that is 
different to the underlying subsoil beneath.  Alternative theories of desert 
pavement evolution include (i) overland flow, (ii) upward migration of clasts 
(Cooke & Warren, 1973; Ugolini et al. 2008), (iii) in situ formation from dust 
deposition (McFadden et al. 1987), and (iv) physical and/or chemical 
weathering (Al-Farraj & Harvey, 2000; Al-Farraj, 2008).  Theories have 
evolved from mid-latitude deserts which are comparable in terms of their 
aridity and low vegetative cover, yet differ from Antarctic desert pavements 
due to the presence of petrocalcic horizons, and a vesicular layer beneath the 
desert pavement in mid-latitude settings (Bockheim, 2010).  Antarctic desert 
pavements may also reach greater age compared with their mid-latitude 
equivalents due to the absence of moist pluvial periods to disrupt pavement 
formation that occur in the mid-latitudes (Quade, 2001; Bockheim, 2010).  
Studies by Bockeim (2010) have shown age-related trends in Antarctic desert 
pavements with clast size decreasing and an increase in clasts showing 
ventifaction and varnish over time.   
 
2.3.2 Soil parent material and surface characteristics 
The lower slopes of Ross Island are dominated by volcanic lava flows (Kyle, 
1981), and soils are formed from relatively unweathered (and comparatively 
young) scoriaceous basalt-dominated till over basalt scoria bedrock (Table 
1).  Ross Island soils contain considerable amounts of fine material, 
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presumably due to the ease at which scoria breaks up under freeze-thaw 
processes (Campbell et al. 1998b).   
 
Soils on coastal margins, such as at Cape Evans, are formed on active beach 
deposited scoriaeous basalt.  On the inland valley floors of the Taylor and 
Wright Valleys, in the McMurdo Dry Valley, soils are formed predominately 
on till materials of mixed gneiss grano-diorite lithology (Turnbull et al. 1994; 
Campbell et al. 1998b).  Fluvial, fluvio-glacial, colluvial, and aeolian deposits 
also comprise some of the soils developed on the valley floors.  Fluvio-
colluvio- and aeolian deposits tend to be weakly developed, and range from 
bouldery gravel deposits to fine aeolian sands.  Bedrock exposures form a 
significant component of the Wright Valley sites, especially around Lake 
Vanda.  Soils from Marble Point on the Antarctic mainland are formed on 
marble-dominated tills.  Older and more strongly weathered basement 
material containing veins of micaceous schist outcrop in some areas.  Soils at 
Cape Roberts, located north of Marble Point on the Antarctic mainland, are 
formed on beach gravels and grano-diorite bedrock (Table 1). 
 
2.3.3 Permafrost 
Permafrost is the material beneath the soil active layer (see 2.3.4) that 
remains perennially frozen for at least two consecutive years (Soil Survey 
Staff, 2010; Grosse et al. 2011).  The interface between the soil active layer 
and permafrost is not always easy to detect as maximum thaw varies each 
year, and by location.  Near the coast Antarctic permafrost is usually ice-
cemented, however in some situations, particularly within the McMurdo Dry 
Valleys, the water content of the permafrost is less than 5% and insufficient 
to cement the soil particles together. Soils with low moisture contents may 
remain loose (dry permafrost) even below freezing point.  The depth to ice-
cement is used to describe the depth to frozen-hard material at the base of a 
soil profile, which can be shallower than the depth to permafrost if the site is 
not sampled at the time of maximum thaw (Campbell & Claridge, 1987; 
Campbell et al. 1994).  Commonly associated with permafrost is a surface 
feature called patterned ground.  Patterned ground is a surface expression of 
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polygonal ground cracks formed through thermal contraction and expansion 
of the ice-cemented permafrost beneath the ground surface (Campbell & 
Claridge, 1987).  Resulting polygons can be greater than 10 m across (Fig. 9). 
 
 
 
 
2.3.4 Soil active layer 
Beneath the desert pavement is the active layer, which is the layer of soil 
material that is frozen in winter and thaws in the summer.  The active layer 
depth in Antarctica has been shown to be spatially variable (Campbell et al. 
1998b, Adlam et al. 2010) and is dependent on local climate variations 
(Campbell et al. 1998b).  For example, coastal sites such as Scott Base on the 
Hut Point Peninsula of Ross Island, has an mean active layer depth of 32 cm 
(calculated over eight consecutive summers, 1999 until 2007, Adlam et al. 
2010; Table 1); whereas inland central mountain climatic zones (Campbell & 
Claridge, 1987) such as Mt Fleming at 1100 m elevation on the edge of the 
polar plateau, had a mean active layer depth of 6 cm over the same time 
period (Adlam et al. 2010).  
Ross Sea region soils are generally loose and unconsolidated in nature (Fig. 
10a).  Soil colour reflects both the parent material and age of the surface (and 
degree of oxidation) (Campbell & Claridge, 1987).  Most Ross Sea region soils 
Fig. 9.  Example of patterned ground in the Taylor Valley, McMurdo Dry Valleys. White 
arrows show the patterned ground cracks.  Photo: Megan Balks. 
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lack the distinct horizons commonly seen down a soil profile in temperate 
regions (Fig. 10b).   
 
2.3.5  
 
2.3.5 Soil moisture 
Wide-ranging differences in soil available moisture content across Ross Sea 
region soils can be attributed largely to climate differences, which in turn 
influence the physical, chemical, and biological properties of the soils.  
Campbell & Claridge (1969) defined three soil moisture status regimes for 
Antarctic soils: ultraxerous, xerous, and subxerous (Table 1).  Generally the 
soils on Ross Island, around Scott Base, McMurdo Station, Cape Royds, and 
Cape Evans have a subxerous moisture regime (soils may be wet for short 
periods of each year).  For example at Scott Base, summer soil moisture 
contents are approximately 1-2% at the soil surface and approximately 10% 
at the active layer base (Campbell et al. 1998b).  Coastal regions such as the 
vicinity of Scott Base, Marble Point, and Cape Roberts have an average of 
seven snow fall per month during summer (Campbell et al. 1998b).  Much of 
the snowfall sublimates with relatively little soil moistening in many areas.   
Where snow patches form, and with subsequent melt, soils may become 
saturated for brief periods.  Soils of the drier inland McMurdo Dry Valleys, on 
the whole, have a xerous moisture regime (some moisture is available for soil 
processes, but insufficient to cause much movement or leaching of soluble 
a b 
Fig. 10.  Typical Ross Sea region soil profiles.  a) Shallow and unconsolidated soil adjacent to 
Lake Vanda, Wright Valley, McMurdo Dry Valleys; b) Soil formed in beach gravel deposits at 
Cape Evans, Ross Island. 
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salt).  At an experimental site near Lake Vanda in the Wright Valley, summer 
soil moisture contents were approximately 0.4% at the soil surface and 
approximately 0.25% at 40 cm depth (Campbell et al. 1998a).  Local soil 
climate and soil moisture variations exist in areas adjacent to thawing snow 
patches and streams, which when moistened during the warm summer 
months, may have high soil moisture values (Campbell et al. 1998b; Wall & 
Virginia, 1999).  
 
2.3.6 Soil salinity 
Soluble salts accumulate in Ross Sea region soils via release through rock 
weathering, where evaporation exceeds precipitation or from atmospheric 
deposition (Campbell & Claridge, 1987). Salt can manifest as surface 
efflorescences (Figs. 11a,b), accumulations under clasts within the desert 
pavement (Fig. 11c) or within the soil profile, or as salt lenses or horizons 
within the soil profile (Campbell & Claridge, 1987).  Under ultraxerous 
moisture regimes, where soil temperature never reach above freezing point, 
salts tend to accumulate as single horizons; whereas in xerous moisture 
regimes, where there is the occasional occurrence of liquid water and 
occasional snow fall, salts are often dispersed throughout the profile or on 
the soil surface as surface salt efflorescences.  
 
More than 30 different salt phases occur in the Ross Sea region (Keys & 
Williams, 1981) but the most common salts are chlorides, nitrates and 
sulphates of sodium, magnesium, calcium and potassium (Campbell & 
Claridge, 1987).  Keys and Williams (1981) reported that the spatial 
distribution of salt is a function of soil parent material i.e. salts containing 
magnesium ions occur mainly on substrates derived from igneous rocks; and 
is also a function of soil proximity to the coast.  Soils dominated by chloride 
and sodium salts become less common away from the coast.   
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Fig. 11. Examples of salts in the Ross Sea region.  a) Red oval marks a surface salt 
efflorescence resulting from earthworks at the Crater Hill Wind Farm, 3-months prior; b) 
Surface salt efflorescences forming the margins and hollows of a bulldozed track at Marble 
Point.  Photo taken >30 years after initial disturbance; c) Calcium carbonate salt 
accumulations under desert pavement clasts. 
 
Common to the Ross Sea region are crusts of calcium carbonate, or calcite, 
which concentrate on the underside of surface clasts (Fig. 11c).  Calcite crusts 
are related to the weathering of carbonate-containing rocks (Campbell & 
Claridge, 1987).  In marble-rich areas, such as Marble Point, marble is 
thought to weather and calcium carbonate is formed in the soil, then 
dissolved and reprecipitated as a crust on the underside of clasts (Haskell et 
al. 1965).  The calcite deposits under clasts in the volcanic Hut Point area of 
Ross Island are thought to be the result of the solution of carbonates 
contained in the loess dusts that blow across the McMurdo Sound from the 
Victoria Land coast (Wellman, 1964).   
a 
c b 
33 
 
Physical impacts and recovery rates 
 
Chapter 2: Literature Review 
2.3.7 Soil pH 
Soils of the Ross Sea region are generally alkaline (Aislabie et al. 2008) but 
soil pH can vary widely (Campbell & Claridge, 1987).   Soils in areas closer to 
the coast, such as soils in the Hut Point Peninsula area, where input of marine 
salts occurs, soil pH can rise to greater than pH 9 (Campbell et al. 1998b).  As 
mentioned previously, Hut Point Peninsula soils are subject to inputs of 
loessial material, predominantly fine-grained calcium carbonate, which also 
contribute to high pH.  The soils of the McMurdo Dry Valleys are slightly less 
alkaline than the soils of the coastal region, and pH values are usually below 
8.5 in the upper part of the profile, increasing with depth.  
2.3.8 Soil biological communities  
Soil biological communities in the Ross Sea region include mosses, liverworts, 
lichens, cyanobacteria, algae, collembola, mites; mesofauna, including 
rotifers, tardigrades, and nematodes; and microorganisms, bacteria, fungi, 
and archaea (Waterhouse, 2001).  Communities have had to adapt to an 
extreme environment of high levels of desiccation, high salinity, low nutrient 
levels, high summer UV radiation levels, and physical instability of the soil 
surface caused by katabatic winds and freeze-thaw cycles.  Mean annual soil 
temperatures in the Ross Sea region range from -15 °C to -40 °C (Aislabie et 
al. 2008).  However, during the summer months of continuous daylight, soil 
temperatures can reach up to 20 °C (Balks et al. 2002).  As a consequence of 
the physical and chemical extremes imposed on life in the Ross Sea region, 
terrestrial ecosystems are predominantly abiotically-driven systems (Hogg et 
al. 2006).   
 
Microbial populations respond to Antarctic environmental conditions the 
same way populations respond in more temperate climates – under the most 
unfavourable conditions, there are no life forms at all, but species diversity 
and numbers increase towards the more favourable extremes of the 
environmental gradient (Campbell & Claridge, 1987).  Micro-niches exist 
within the Ross Sea region and extensive biotic communities can occur 
sporadically where there is light, warmth, moisture, and shelter from the 
wind (Waterhouse, 2001).  Where conditions are favorable, algal crusts, 
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lichen communities (on rock surfaces protected from the wind), and 
endolithic communities (occurring under rocks or in rock fissures), have 
been reported.  Other unusual environments providing a substrate for 
biological activity include geothermally heated soils on Mt Erebus 
(thermophilic bacterial communities); high nutrient and high soil moisture 
ornithogenic soils at penguin rookeries such as Cape Hallett (Hofstee et al. 
2006; Aislabie et al. 2008); and beneath mummified seal carcasses found 
within the Dry Valleys (where the soil beneath is stabilized from the local 
environmental conditions) (Cary et al. 2010; Tiao et al. 2012).  
 
Soil pH, salinity, and available water content, can have a major impact on the 
abundance, community structure, and ecosystem functioning of Antarctic 
biological systems (Cameron et al. 1970; Kennedy, 1993; Freckman & 
Virginia, 1997; Billi and Potts, 2002; Saul et al. 2005; Nkem et al. 2006; Smith 
et al. 2006; Aislabie et al. 2006a, 2006b, 2008; Chong et al. 2009).  High 
spatial variability in abiotic factors, such as water content, can result in high 
variability in species diversity and community structure (Niederberger et al. 
2008; Smith et al. 2010). 
 
A number of investigations into bacterial ecology have been undertaken in 
the Ross Sea region.  When compared with temperate regions Ross Sea 
region soil bacterial communities have relatively low diversity and are 
dominated by a few bacterial phylotypes, dominated by: Acidobacteria, 
Bacterioidetes, and Actinobacteria, as well as Proteobacteria, Deinococcus-
Thermus, Firmicutes and Cyanobacteria (Saul et al. 2005, Smith et al. 2006; 
Aislabie et al. 2006a; Aislabie et al. 2008); however, recent molecular studies 
have revealed that Ross Sea region soils harbour higher diversity than 
originally thought (Barrett et al. 2006a; Yergeau et al. 2007; Niederberger et 
al. 2008) including as many as 14 different phyla (Cary et al. 2010).  
 
Nkem et al. (2006) showed, in studies carried out in the McMurdo Dry 
Valleys, that nematode survival, distribution patterns, and abundance, was a 
function of the ionic composition of the salts in the soil (salt type) as well as 
the concentration of the salt.   
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2.4 Previous soil disturbance studies in Antarctica 
2.4.1 Introduction 
There have been limited previous studies on the ability of the Antarctic soil 
environment to recover from human disturbance.  Soil disturbance-related 
studies in Antarctica - physical, chemical, and biological - and in 
chronological order, have included:   
 
 Recognition that a key attribute of Antarctic landscapes was the 
“weathering stage” which defined the age and stability of the landscape 
based on the degree of surface boulder weathering and soil morphology 
(Campbell & Claridge, 1975).  It was also recognised that the older, 
weathering stage 4, 5, and 6, desert pavements and underlying soils, were 
the most vulnerable to physical human disturbance (Campbell and 
Claridge, 1987).   
 Observations that salt and water is released upon disturbance and 
accumulates on recently disturbed surfaces (Campbell & Claridge, 1987; 
Balks et al. 1995).   
 Development of a visual site assessment (VSA) by Campbell et al. (1993), 
including a set of criteria for rapid visual evaluation of present day 
terrestrial environmental impacts.  A VSA rates the extent of surface 
disturbance against 11 impact assessment criteria, such as extent of 
disturbed surface stones, evidence of boot imprints, and evidence of 
foreign objects, as a means of comparing disturbance severity across 
different sites.  The cumulative impact of a disturbed site is also rated and 
is described as the “total visual cumulative impact from the various 
individual impact assessment criteria” (Campbell et al. 1993).  
 The effects of earth moving activities on patterned ground were 
investigated on 1959-era cut surfaces at Marble Point (Campbell et al. 
1994). 
 Investigation of the impact of physical removal of the soil active layer at 
Scott Base and Marble Point, where it was noted that salt efflorescence’s 
precipitate on the surfaces of recently disturbed sites as the exposed 
underlying material equilibrated with the environment (Balks et al. 
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1995).  Changes to soil surface albedo, soil moisture, and the soil surface 
(slumping) were also noted as a consequence of removal of the soil active 
layer (Balks et al. 1995). 
 A treading trial experiment was undertaken at Scott Base, and at sites of 
contrasting soil materials near Vanda Station, where the rate of track 
formation was investigated (Campbell et al. 1998a). Campbell et al. 
(1998a) showed that on some unconsolidated parent materials it takes 
less than 20 passes for a track to form.   
 The capacity for soluble contaminants to move through Ross Sea region 
soils was investigated by Claridge et al. (1999).  Lithium chloride was 
irrigated into plots of contrasting climate and parent material and soils 
were subsequently sampled over several years at varying depths to detect 
movement of the contaminant through the soil.  Claridge et al. (1999) 
revealed the significance of liquid water to facilitate the movement of 
contaminants down-profile and laterally across the permafrost surface. 
 Investigation into the impacts of hydrocarbon spills on Antarctic soil 
physical, biological, and chemical properties has been carried out by 
many researchers (Aislabie et al. 1999, 2001, 2004; Deprez et al. 1999; 
Kennicutt II et al. 2010; Snape et al. 2001; Balks et al. 2002; Webster et al. 
2003; Blanchette et al. 2004).  Evidence that fuel spills affect soil 
temperature (by altering surface albedo, Balks et al. 2002); soil moisture 
(through increased hydrophobicity, Balks et al. 2002); increased soil 
carbon, decreased soil nitrate and phosphorus (Aislabie et al. 1998; 
Ferguson et al. 2003), and thereby influenced soil biota through the 
enrichment of hydrocarbon-degrading microbes (Aislabie et al. 2000, 
2001; Delille & Delille, 2000; Delille et al. 2007a,b; Powell et al. 2006; 
Ferguson et al. 2008), resulting in an overall decrease in microbial 
community diversity (Aislabie et al. 2001; Saul et al. 2005); were all 
investigated. 
 The use of bioremediation and “assisted bioremediation” (through 
amelioration of the factors limiting biodegradation by indigenous 
microbes) has been investigated as a means of ‘cleaning up’ fuel-
contaminated soils (Kerry, 1993; Ferguson et al. 2003; Aislabie et al. 
2004, 2011; Ruberto et al. 2003, 2005; Stallwood et al. 2005). 
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 Estimation of the speed of physical recovery at the active beach site of the 
former Greenpeace World Park Base at Cape Evans (Roura, 2004). 
 Investigation into the impacts of human trampling on soils and arthropod 
populations in the Byers Peninsula of the Antarctic Peninsula (Tejedo et 
al. 2005, 2009).  
 Investigation into the direct effects of foot traffic on soil nematode 
populations in the Taylor Valley, McMurdo Dry Valleys (Ayres et al. 2008). 
 Identification of differences in soil vulnerability across a variety of 
landforms and parent materials in the Wright Valley of the McMurdo Dry 
Valleys (McLeod, 2012).  
 
The important aspects of the previous soil disturbance work, specially, how 
soil physical attributes of Ross Sea region soils relate to soil resilience, 
vulnerability, and landscape recovery, will be discussed in the following 
section.  
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2.4.2 Soil physical disturbance from human activities in the Ross Sea 
region 
Desert pavement disturbances have been considered by Campbell et al. 
(1998b) to occur at three scales: major, such as base construction, moderate, 
resulting from vehicle traffic and soil sampling, and low-level disturbance, 
resulting from foot traffic (Fig. 12a-c).   
 
Fig. 12. Scales of human impacts in the Ross Sea region.  a) Major impacts: Scott Base, Ross 
Island; b) Moderate impacts: camping activities.  Photo: Fiona Shanhun; c) Minor impacts: 
foot traffic.  Photo: Megan Balks. 
 
Disturbance to Ross Sea region desert pavements has historically occurred 
from a number of sources; from vehicles and bulldozers (Campbell et al. 
1994; Broadbent, 1994), resulting in the overturning of large cobbles, 
indentation and compression of sub-pavement soils; through to disturbance 
resulting from telecommunications antenna and pipeline installation; active 
layer removal for road or fill material (Balks et al. 1995, 2002); scientific 
investigation (Campbell et al. 1993; Kiernan & McConnell, 2001); and lower 
level disturbance from camping and pedestrian traffic (Campbell et al. 1993, 
1998a).  Previous researchers have noted that Antarctic desert pavement 
surfaces are easily disturbed and disturbance may have long-lasting visible 
a b 
c 
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impacts on the Antarctic landscape (Campbell & Claridge, 1987, Campbell et 
al. 1993, 1998a,b; Kiernan & McConnell, 2001).   
 
Studies by Campbell et al. (1994) at Marble Point, where major earthworks 
had been carried out in the 1958/59 summer then abandoned, showed that 
the areas of patterned ground which had been cut and others that had been 
covered by fill material, displayed differences in the occurrence of patterned 
ground and stability of the ground surface.  Removal of the upper active layer 
of the soil resulted in the retreat of the permafrost table and consequent 
thawing of the ice contained in the upper part of the permafrost (as a new 
equilibrium is established forming a new active layer).  Ensuing lowering of 
the ground surface, slumping, and release of salts that were contained within 
the permafrost, which accumulate as surface salt efflorescences when salt-
rich water is evaporated, was observed (Campbell et al. 1994).  Forty years 
after disturbance patterned ground cracks were seen to extend through cut 
or scraped materials, such as bulldozer cut tracks, whereas most fill material 
showed little sign of new patterned ground formation.  The lack of patterned 
ground cracks in fill material was attributed to lower ice content in the fill 
material which became the upper, newly formed permafrost layer (Campbell 
et al. 1994, 1998b).   
 
Previous studies have shown that initial physical disturbance in the 
landscape is greatest where there was a pebble pavement and the soils had a 
low proportion of coarse materials (Campbell et al. 1993, 1998a).  During a 
treading trial undertaken on two contrasting parent materials in the Wright 
Valley by Campbell et al. (1998a), the least disturbance was observed where 
the desert pavement was predominately bedrock boulders and cobbles.  On 
the softer till material, after as few as 20 passes, a clear walking track had 
formed; the finer grained and lighter in colour sediment below was 
uncovered at the surface of the track (Fig. 13a).  In contrast at the rockier site 
track development was slower and only occurred in the fine-grained sections 
of the trial surface.  The track formed on the rocky, more resilient parent 
material was much less visible in the landscape (Fig. 13b).   
 Physical impacts and recovery rates 
 
40 
Chapter 2: Literature Review 
 
 
Fig. 13. Vanda Treading Trial Experiment, Wright Valley, McMurdo Dry Valleys.  a) Vanda Fan 
site after 200 passes, 1993/94; b) Vanda Rocky site after 192 passes (last pass, 8 people), 
1993/94.  Photos: Megan Balks. 
 
The importance of utilising young active surfaces was evident in the 
commissioning and decommissioning of the Greenpeace World Park Base at 
Cape Evans.  Roura (2004) reported the relatively quick recovery of the 
active sandy beach gravels of the former Greenpeace World Park Base site.  
McLeod (2012) produced a 1:50 000 scale soil vulnerability map for ice-free 
areas in the Wright Valley of the McMurdo Dry Valleys, based on a rapid 
method to assess the impact of foot trampling.  McLeod (2012) based his 
assessment on the impact score of 10 boot prints, and revealed areas of high, 
medium, and low classes of soil vulnerability within the Wright Valley. 
 
2.4.3 Microbial communities and disturbance in the Ross Sea region 
In all soil communities, disturbances or environmental changes that 
indirectly affect soil physical and chemical properties can have a detrimental 
impact on the soil biota (Wall & Virginia, 1999).  The impacts of human 
a b 
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activities can adversely affect different levels of biological organisation, from 
larger scale localised habitats, to community structure, to the individual 
species themselves through physiological stress.  Few scientific reports have 
described the effects of human disturbance on biota, particularly microbial 
communities, in Antarctica.     
 
On a macro- flora and fauna level there are no land-based vertebrate animals 
or flowering plants in the Ross Sea region of Antarctica.  Tejedo et al. (2005, 
2009) conducted a series of trampling experiments on vegetation-free soils 
in the South Shetland Islands in the Antarctic Peninsula and documented 
increases in soil compaction and decreases in the abundance of soil 
arthropods under different trampling regimes. 
 
On a mesofauna level, one of the most widespread terrestrial fauna in the 
Ross Sea region are nematodes, with specimens found in 56% of soil sampled 
in the McMurdo Dry Valleys and Ross Island (Freckman and Virginia, 1998).  
The influence of soil salinity on population dominance was recognised in soil 
nematode studies in the McMurdo Dry Valleys (Wall & Virginia, 1999). 
Nematode Scottnema lindsayae, exhibited the greatest salinity tolerance of 
three species found in the Dry Valleys, with drier, more saline, and disturbed 
sites, being dominated by or solely occupied by S. lindsayae (Wall & Virginia, 
1999).  Ayres et al. (2008) investigated the direct effects of foot traffic on soil 
nematode populations over a 10 year period in the Taylor Valley, McMurdo 
Dry Valleys.  The authors noted decreased abundances of the dominant 
nematode S. lindsayae in the walking tracks that received high levels of 
human foot traffic, compared with lower level tracks; the ratio of living to 
dead nematodes also declined with higher track usage, indicating increased 
mortality; and higher levels of trampling also reduced soil respiration at one 
site.   
 
Lichens and mosses have been documented in the McMurdo Dry Valleys 
(Hale, 1987; Green et al. 1992) and lichens have also been observed in the 
vicinity of Scott Base on the Hut Point Peninsula (J. Newman, Environmental 
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Advisor to Antarctica New Zealand, personal communication, 15 May 2009).  
No investigations into the effect of human activity on lichen or moss 
distribution has been undertaken in the Ross Sea region, however, it is 
assumed that past and present day activities around Scott Base, including use 
of bulldozers and vehicles will have influenced the spatial distribution of 
local populations (J. Newman, Environmental Advisor to Antarctica New 
Zealand, personal communication, 15 May 2009).  Algae and cyanobacteria 
are probably the major primary producers in the Ross Sea region 
(Waterhouse, 2001) and occur in any wet area, on, under, and beside stones, 
and in endolithic communities.  The ‘lithic’ environment (in, around, under, 
stones) can provide some protection for microbial communities, particularly 
from wind scouring (Wynn-Williams, 1990), UV exposure (Cockell et al. 
2008), thermal extremes (Wynn-Williams, 1990), and desiccation (Broady, 
1981).  Human activity, such as vehicle and bulldozer use, resulting in the 
overturning of large cobbles, can inevitably disturb lithic habitats and 
adversely affect the communities within.  Campbell et al. (1998b) noted 
impacts from vehicle use to cyanobacterial mats and microbial cryptobiotic 
soil crusts in the McMurdo Dry Valleys and Marble Point areas.  Surface salt 
accumulations, often associated with surface disturbances, are unlikely to be 
readily colonised by organisms (Campbell et al. 1998b).  However, in areas 
where available water is plentiful, for instance wetland areas at Marble Point 
bulldozed during the late 1950s, surface salt is able to be redissolved and 
leached down the profile, allowing algae and mosses to re-establish 
(Campbell et al. 1994). 
 
Little is known about the impact of human activities on microbes, the 
primary decomposers, bacteria and fungi.  At a local level, trampling could 
dislodge soil particles and pebbles which protect the soil interface.  This 
could in turn expose deeper soil, change soil temperatures, moisture, and 
freeze-thaw patterns; effectively modifying the habitat for microbes (Wall, 
2007).  Furthermore, moderate scale disturbances, such as vehicle movement 
has the potential to impact soil physical properties such as compression and 
bulk density, which can impact soil macro and micro porosity.  In temperate 
localities, compaction, through the loss of aggregate stability and reduction of 
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pore space has been shown to affect soil microbial communities through by 
affecting the water holding capacity and aeration of the soil (Schimel & 
Parton, 1986; Zabinski & Gannon, 1997).  Changes to soil respiration, 
decomposition rates and the availability of nutrients may result, thereby 
affecting ecosystem functioning of the entire soil system. 
 
2.4.4 Cumulative impacts from human activities in the Ross Sea region  
Cumulative impacts refer to individual and often minor impacts that may be 
significant when accumulating over time (Harris, 1998).  With expansion of 
scientific expeditions and their supporting logistics, as well as the increase in 
tourism and non-governmental activities, there is concern regarding the 
cumulative impacts of smaller scale human activities.  At vulnerable sites, 
even short duration visits by small numbers of people can cause negative 
environmental impacts; when individually assessed to have very little impact, 
may together amount to a substantially greater cumulative impact.   
 
Cumulative environmental impacts are difficult to address under the current 
environmental management systems in Antarctica, as single-event based 
methods of EIA do not address activities which have happened previously in 
that same area.  Repetitive disturbance, whether associated with scientists 
walking to-and from experimental sites, or tourists walking around the 
walking tracks in the Taylor Valley Visitor Zone, although low in intensity, 
can have a cumulative effect.  Previous experimental treading trial work by 
Campbell et al. (1998a, Fig. 13) has shown that once a track has formed 
(within 20 or so passes) the cumulative impacts of larger numbers of people 
following the same track: 20 passes, versus 200 passes, versus 2000 passes, 
are minimal.  Of the three parameters Campbell et al. (1998a) assessed, width 
of the formed track, number of surface boulders and cobbles, and % area of 
pale colour exposed, the greatest measurable impact was observed within 
the first 20 passes of the track.  Cumulative impacts on biota are also 
unknown but likely to affect biodiversity and ecosystem functioning (Wall, 
2007).  
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Researchers from the largest scientific station in Antarctica, McMurdo 
Station, have documented the evolution of the aerial extent of the area 
impacted by the station, since base construction, through aerial photographs 
and satellite imagery (Kennicutt II et al. 2010).  Their results showed the 
cumulative impacts of station activities expanding rapidly in spatial extent 
over the first decade of occupancy, after which the station continued to 
expand at a slower rate (Kennicutt II et al. 2010).  The spatial extent of 
physical disturbance at McMurdo Station has been stable for more than 30 
years.  A similar evolution of environmental footprint is evident at the nearby 
Scott Base (J. Newman, Environmental Advisor to Antarctica New Zealand, 
personal communication, 4 Jan 2010). 
 
2.5 Visitor impacts to the Ross Sea region and the 
Environmental Protocol 
2.5.1 Introduction 
The Antarctic Treaty establishes the guiding principles for all human activity 
in Antarctica.  Within the Antarctic Treaty System resides the Protocol on 
Environmental Protection to the Antarctic Treaty (referred to as the 
Protocol) which sets out common minimum standards for environmental 
management by all Antarctic Treaty Parties.  On a national level, all of the 
countries operating national programmes in the Ross Sea region are 
signatories to the Protocol and have national procedures and domestic 
legislation in place to ensure that the provisions of the Protocol are 
implemented.  In New Zealand, the Antarctica (Environmental Protection) 
Act regulates the environmental aspects of all activities organized in New 
Zealand or proceeding to Antarctica from New Zealand.    
 
2.5.2 Environmental Impact Assessments 
The term Environmental Impact Assessment (EIA) was introduced in Article 
8 of the Protocol and is a process whereby persons responsible for an activity 
in Antarctica predict the significance and likely environmental impacts 
45 
 
Physical impacts and recovery rates 
 
Chapter 2: Literature Review 
(Committee for Environmental Protection, 2005).  The EIA process is 
undertaken at one of three levels, depending on the nature and scale of the 
activity (from http://www.antarcticanewzealand.govt.nz): 
 
1) Preliminary Environmental Evaluations (PEE) are processed at the 
national level and required where impacts are likely to be less than 
minor or transitory; 
 
2) Initial Environmental Evaluations (IEE) are notified to the Antarctic 
Treaty Parties and required where impacts are likely to be minor or 
transitory; and 
 
3) Comprehensive Environmental Evaluations (CEE) are considered 
by the Antarctic Treaty Parties and required where impacts are likely 
to be more than minor or transitory. 
 
Project leaders must assemble and analyse information on the potential 
environmental effects a proposal may have and how the potential impacts 
can be best prevented or mitigated.  In New Zealand EIAs must be approved 
by the Antarctic Policy Unit of the New Zealand Ministry of Foreign Affairs 
and Trade before any activity can commence. Antarctica New Zealand, a 
crown research institute, advises the Ministry of Foreign Affairs and Trade on 
environmental issues, including EIAs, and is responsible for managing, and 
executing New Zealand Government activities in Antarctica.   
 
For activities where a CEE is necessary, such as the multinational Cape 
Roberts Drilling Project (1997-1999), the draft CEE is made publically 
available and considered by the Committee for Environmental Protection 
(which was established to advise parties on implementation of the Protocol).  
The Antarctic Treaty signatories meet annually to discuss issues relating to 
Antarctica.  At the Antarctic Treaty Consultative Meetings the Committee for 
Environmental Protection then gives expert advice on the proposed 
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activities, comments are provided by other Treaty signatory representatives, 
and a decision is made as to whether and how the activity is to be conducted.    
 
A key aspect of the Protocol, and mandatory for any activity requiring a CEE, 
is the requirement to quantify and regularly monitor impacts caused during 
the project (Hughes, 2010; Kennicutt II et al. 2010).  Ideally, monitoring 
should include ongoing assessment of the levels of physical disturbance to 
marine and terrestrial environments, should record levels of pollutants 
(noise, dust, chemical, etc.) and the impacts of pollutants to local ecosystems.  
Biodiversity studies should also be undertaken so introduced non-native 
species can be identified and eradicated (Hughes & Convey, 2010). 
 
2.5.3 Wilderness and aesthetic values 
The Protocol on Environmental Protection to the Antarctic Treaty also 
mandates the protection of wilderness and aesthetic values.  Article 3, 
Environmental Principles, states the following: 
 
1. The protection of the Antarctic environment and dependant and associated 
ecosystems and the intrinsic values of Antarctica, including wilderness and 
aesthetic values and its value as an area for the conduct of scientific research, 
in particular research essential to understanding the global environment, 
shall be fundamental considerations in the planning and conduct of all 
activities in the Antarctic Treaty area. 
 
2.  To this end: 
(a) activities in the Antarctic Treaty area shall be planned and conducted so 
as to limit adverse impacts on the Antarctic environment and dependant and 
associated ecosystems; 
 
(b) activities in the Antarctic Treaty area shall be planned and conducted so 
as to avoid: ….. (iv) degradation of, or substantial risk to, areas of biological, 
scientific, historic, aesthetic or wilderness significance (SAT 1991). 
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Despite the inclusion of wilderness and aesthetic values under the Madrid 
Protocol there is no formal definition in the Madrid Protocol or elsewhere in 
the Antarctic Treaty System of how these values should be defined in the 
context of Antarctica (Summerson and Bishop, 2011).  Wilderness values are 
conventionally thought of as relating to large natural areas undisturbed by 
human activity (Summerson and Bishop, 2012).  Kormos and Locke (2008) 
refer to wilderness areas as the “most intact, undisturbed, wild, natural 
areas- those last truly wild places that humans do not control and have not 
developed with roads and other industrial infrastructure”.  Aesthetic values 
relate to a persons perception of scenic beauty.  In a recent study by 
Summerson and Bishop (2011, 2012) a survey comprising 90 images of 
Antarctic landscapes was established on the internet to investigate people’s 
perceptions of wilderness and aesthetic preference.  Summerson and Bishop 
have shown that the evidence of human activity, especially infrastructure, 
detracts from aesthetic value (Summerson and Bishop, 2011). Furthermore, 
it is the presence of infrastructure that defines permanent human presence, 
and so it is one of the key factors in deciding whether an area can be 
designated as a wilderness area (Summerson and Bishop, 2012).     
 
The wilderness and aesthetic values of a landscape are clearly influenced by 
human activity and in particular whether the activity is permanent, such as a 
station, or transitory, ranging from ships and aircraft to minor transitory 
activity, such as small field camps.  When considering site recovery, sufficient 
weighting should therefore be put on the visual component of surface 
recovery (site appearance) as it is likely to impact on the aesthetic and 
wilderness values of the site.  
 
2.5.4 Visitors to the Ross Sea region and Environmental Impact 
Assessments  
The Antarctic Treaty, in its original form, lacked the instruments needed to 
manage the growing tourism industry.  Antarctic tourism and where it fits 
within the Antarctic Treaty System (ATS) and EIA systems, particularly with 
respect to the cumulative environmental impacts of tourism, remains a 
 Physical impacts and recovery rates 
 
48 
Chapter 2: Literature Review 
controversial topic (Hemmings & Roura, 2003; Bastmeijer & Roura, 2004).  
The Protocol on Environmental Protection to the Antarctic Treaty stipulates 
that cumulative impacts be considered as a component of the EIA process, 
however, the level of analysis this “consideration” requires is not defined, and 
not necessarily suitable to the transient, fast-moving, multisite activities that 
characterize contemporary Antarctic tourism (Bastmeijer & Roura, 2004).  
 
The Antarctic tourism industry is regulated by the Antarctic Treaty system 
and by the International Association of Antarctic Tourism Operators (IAATO).  
IAATO was founded in 1991 and currently has more than 100 Antarctic-
bound operators as voluntary members of the organisation.  IAATO was 
founded to “advocate, promote, and practise safe and environmentally 
responsible private-sector travel to the Antarctic”, and over the course of the 
last few decades has worked alongside specialists to establish extensive 
guidelines for tourism, site inventories in the Antarctic Peninsula (Naveen, 
1996); regulations and restrictions on the number of tourists ashore; safe 
staff-to-passenger ratios; and contingency and emergency evacuation plans 
(IAATO, 2012).  There is increased environmental awareness amongst 
visitors to Antarctica, and growing effort to manage and prevent 
environmental impacts.  
 
At present, tourism operators are required to undertake an EIA, however it is 
commonplace for tourism EIAs to lack adequate detail about the planned 
itinerary, potential sites, and activities to be undertaken.  It is the nature of 
the tourism industry in both the Antarctic Peninsula and Ross Sea region, 
that itineraries need to be flexible in terms of the number of sites, and order 
of sites visited.  When scheduled landings are not possible, due to sea-ice for 
example, opportunistic landings are commonplace.  Cumulative impacts are 
addressed in Chapters 3, 5, and 8 of this doctoral research. 
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2.5.5 Visitor attractions and tourism trends in the Ross Sea region 
In the years 2005/06 through to 2008/09 twenty sites in the Ross Sea region 
have been frequently visited by tourists, science personnel and base staff.  
The 12 most frequented sites and their attractions are summarized in Table 
2.  
 
Four of the most frequented sites (excluding ice landings) are Cape Evans, 
Cape Royds, Hut Point Peninsula, and Cape Adare.  Approximately 1100 
people (national programme personnel and tourists) visit Scott’s Terra Nova 
Hut at Cape Evans annually; 800 visit Shackleton’s Nimod Hut at Cape Royds; 
and 1000 people visit Scott’s Discovery Hut at Hut Point (Table 3) (Antarctica 
New Zealand, 2012).  Tourist visitors comprise the greater proportion of 
visitors to Cape Royds and Cape Adare each year, whereas, Cape Evans is 
visited by a large number of United States and New Zealand base personnel 
(Table 3).  McMurdo Station staff also comprises the largest proportion of 
visitors to Scott’s Discovery Hut on the Hut Point Peninsula, due to the close 
proximity to the station, making it a “must see” attraction amongst staff and 
science event personnel in the evenings and on their days off.  These huts are 
designated Antarctic Specially Protected Areas (ASPAs) under the Antarctic 
Treaty and all visitors require permits.   
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Table 2.  The 12 most visited sites in the Ross Sea region, over the summer seasons 2005/06 
and 2008/09, and their attractions (data from Newman, 2009).  
 
 
Site Attractions 
Ice landings Ice bergs, ice tongues, wildlife. 
Cape Royds Historic hut and associated artefacts from British Antarctic 
(Nimrod) Expedition 1907- (Fig. 14a), led by Sir Ernest 
Shackleton (ASPA 157).  Adelie penguin colony (ASPA 121). 
Cape Adare Historic hut and associated artefacts from British Antarctic 
(Southern Cross) Expedition 1898-1900, led by Carsten 
Borchgrevink (ASPA 159).  Remains of Scott’s Northern Party 
(Terra Nova Expedition, 1911) hut.  Adelie penguin colony. 
Cape Evans Historic hut and associated artefacts from British Antarctic 
(Terra Nova) Expedition 1910-1913 (Fig. 14b,c), led by 
Captain Robert Falcon Scott (ASPA 155).   
Franklin Island Adelie penguin colony. 
Terra Nova Bay Italian summer station and Adelie penguin colony. 
Inexpressible 
Island 
Historic site where the Northern Party of Scott’s Terra Nova 
Expedition wintered over in a snow cave in 1912.  Adelie 
penguin colony. 
Hut Point 
Peninsula 
Includes Scott Base (Fig. 15a), Crater Hill Wind Farm (Fig. 
15b) McMurdo Station (Fig. 16a), and Observation Hill (Fig. 
16b).  Historic hut at Hut Point, from British Antarctic 
Expedition (Discovery, 1901-1904), led by Captain Robert 
Falcon Scott (ASPA 158). 
Cape Washington Emperor penguin colony (Fig. 17a). 
Coulman Island Emperor penguin colony. 
Cape Hallett Adelie penguin colony.  Protected site (ASPA 107) for 
avifauna and vegetation. 
Canada Glacier Taylor Valley Visitor Zone (ASMA 2).  Canada Glacier views, 
proglacial lakes, mummified seals, ventifacts, and spectacular 
McMurdo Dry Valley views (Fig. 17b). 
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Fig.  14. Visitor attractions in the Ross Sea region.  a) Shackleton’s Nimrod Hut, Cape Royds; 
b) Scott’s Terra Nova Hut, Cape Evans.  Note: Windvane Hill with memorial cross in 
background; c) Remains of emperor penguin inside Scott’s Terra Nova Hut, photo: Megan 
Balks. 
a 
b 
c 
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2.5.6    Conclusion 
Human impacts on the Ross Sea region terrestrial environment have 
occurred since humans first stepped into the region.  Increased scientific 
research, and increased accessibility for tourists and adventurers, has meant 
the number of people visiting Antarctica has increased.   At the same time 
there continues to be an increase in environmental awareness amongst 
visitors to Antarctica and a growing effort by national programmes and 
IAATO operators to manage and prevent environmental impacts.   
 
This chapter has documented previous studies into the physiochemical and 
biological characteristics of Ross Sea region soils that are known influence 
soil resilience and vulnerability to human disturbance.  Previous researchers 
document a reasonable understanding of the materials from which the soils 
are derived, the characteristics of the desert pavement, permafrost, soil 
active layer, soil salinity, pH, and the biological communities living in Ross 
Sea region soils.  Previous studies report existing damage to the terrestrial 
soil environment as a result of past human activities.  However, gaps in 
knowledge are evident from this literature review when attempting to tie 
influential soil characteristics, impacts, and the ability for soils to recover, 
both in the Ross Sea region, and in Antarctica on the whole.   
 
This doctoral research endeavours to advance scientific understanding on 
physical impacts and soil recovery rates in Ross Sea region terrestrial 
environments.   
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The effectiveness of Environmental Impact Assessments on visitor 
activity in the Ross Sea Region of Antarctica 
 
O’Neill, TA1, 2, Balks, MR2, López-Martínez, J3  
1 Landcare Research, Manaaki Whenua, Private Bag 3127, Hamilton, New 
Zealand 
2 Dept. Earth and Ocean Sciences, Waikato University, Private Bag 3105, 
Hamilton, New Zealand 
3 Dept. Geologia y Geoquimica, Facultad de Ciencias, Universidad 
Autonoma de Madrid, 28049 Madrid, Spain 
 
 
Introduction 
The persistence of cold even during summer; blizzards, severe winds, 
extreme aridity, and difficulties in accessibility, are but a few of the factors 
that combine to curtail human activities in Antarctica.  Yet we persist.  
Antarctica was the last continent to be discovered.  The historical 
explorations of Drake, Halley, and Cook in the 1600s and 1700s were 
followed by the first sealers and whalers in the Scotia Sea in the late 18th and 
19th centuries, and discovery of the South Shetlands Islands of the Antarctic 
Peninsula in the 19th Century. It was not until the late 19th Century where the 
impetus for scientific exploration of Antarctica was both encouraged and 
funded (Tin et al. 2009).  The upsurge in scientific activity of the early 1900s 
with the visits of Scott, Amundsen, and Shackleton, culminated in the 
International Geophysical Year (IGY) in 1957-58. By 2009 there were 40 
year-round research stations in Antarctica (http://www.comnap.aq).  
Tourism in the Antarctic region dates back to 1891, when the first tourists 
were passengers on resupply ships to the sub-Antarctic islands (Codling 
1995).  Larger-scale commercial tourism began in 1957-59 with Argentinean 
and Chilean naval transports, which accommodated tourists to help pay the 
costs of servicing national naval expeditions (Reich 1980).  By 1966 Lars-Eric 
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Lindblad began expedition cruising to the Antarctic Peninsula and initiated 
the use of zodiacs to ferry passengers to onshore sites.  Antarctic-wide tourist 
numbers peaked in the 2007/2008 season with 46,265 tourists 
(approximately 32,000 landings).  Due to expense, inaccessibility, and a 
lesser abundance of wildlife in the Ross Sea region, tourism remained at 
approximately 400 landing passengers per season from 2005/2006 through 
to 2009/2010 (IAATO 2010). 
 
The Protocol on Environmental Protection to the Antarctic Treaty, signed in 
Madrid in 1991 (The Madrid Protocol), designates Antarctica as a “natural 
reserve devoted to peace and science”.  The Madrid Protocol gives a 
comprehensive protection to the Antarctic environment and its ecosystems 
and maintains the value of the continent as an area for scientific research.   
 
The objective of this chapter is to use five case studies to illustrate the 
effectiveness of the current Environmental Impact Assessment system with 
respect to predicting and managing the effects of visitor activity in the Ross 
Sea region of Antarctica.  Investigated Environmental Impact Assessments 
included:  
 
 the decommissioning of the Greenpeace World Park Base, Cape 
Evans;  
 Taylor Valley Visitor Zone, Taylor Valley;  
 the decommissioning of the Vanda Station, Wright Valley;  
 occupation of the Loop Moraine campsite, Wright Valley, McMurdo 
Dry Valleys;  
 the occupation and restoration of the ice-free storage area for the 
Cape Roberts Drilling Project, Cape Roberts.   
 
The similarities and differences between the Antarctic and Arctic 
Environmental Impact Assessment systems are briefly discussed.   
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Visitors to the Ross Sea region 
Tourism:  operators, voyages, and landing sites 
IAATO (the International Association of Antarctic Tour Operators), is a 
member organization founded in 1991 to advocate, promote, and practice 
safe and environmentally responsible private-sector travel to the Antarctic 
(http://www.iaato.org).  IAATO member parties work within the Antarctic 
Treaty and Madrid Protocol, promoting Guidelines for Visitors to the Antarctic 
and coordinating member itineraries so that no more than 100 people are 
ashore in any one place at any one time. IAATO provides members with 
visitor guidelines, guidelines on wildlife watching, biosecurity, and 
decontamination guidelines for small boat operations.   
Seaborne tourism in the Ross Sea region in the summer of 2009-2010, 
comprised three operators, who conducted five voyages; each involving 
helicopter and zodiac landings for a combined 397 passengers (IAATO 2010).  
A further eight voyages by three operators, and an estimated 500 passengers 
were predicted to visit the area in the 2010/2011 season.  In the last five 
years 20 sites in the Ross Sea region have been visited by tourists, the 12 
most visited sites, and their attractions, are summarized (Table 1). 
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Table 1.  The 12 most visited sites in the Ross Sea region.   
 
 
 
 
 
 
 
 
 
 
*Mean annual tourist visitors between 2005/2006 and 2008/2009.  Data from: Antarctica 
New Zealand (2009). 
 
National program visitors:   
Four of the twelve sites most frequently visited by tourists (Cape Royds, Cape 
Adare, Cape Evans, and Hut Point Peninsula) are also regularly visited by 
New Zealand and US National Program personnel and base staff (Table 2).  
Tourist visitors comprise the greater proportion of visitors to Cape Royds 
and Cape Adare each year, whereas, Cape Evans is visited by a large number 
of US National Program personnel, who also comprise the largest proportion 
of visitors to Scott’s Discovery Hut on the Hut Point Peninsula.  McMurdo 
Station’s close proximity to Discovery Hut, makes Discovery Hut a “must see” 
attraction amongst base staff and other US National Program personnel on 
their off-days.   
Mean annual 
visitors numbers*
1 Ice landings : includes landings on the Drygalski Ice Tongue, B15K, 367
Ice walks near Cape Hallett, Cape Royds, Beaufort Island, and the Ross Ice Shelf
2 Cape Royds: Shackleton’s Nimrod Hut.  Adélie penguins 318
3 Cape Adare: Borchgrevink’s and Scott’s Northern Party Huts. Adélie penguins 293
4 Cape Evans: Scott’s Terra Nova Hut 291
5 Franklin Island: Adélie penguins 215
6 Terra Nova Bay: Mario Zuchelli  Station Tour and vantage point for 192
Inexpressible Island
7 Inexpressible Island: Historic site where Scott's Northern Party from the 154
Terra Nova Expedition wintered in a snow cave.  Adélie penguins
8 Hut Point Peninsula: Scott’s Discovery Hut, McMurdo Station, Scott Base 154
and Observation Hill
9 Cape Washington: Emperor penguin colony 154
10 Coulman Island: Emperor penguins and historic site 115
11 Cape Hallett: Adélie penguins 110
12 Canada Glacier (Taylor Valley Visitor Zone): Dry Valleys experience: Canada 109
Glacier, mummified seals, ventifacts
Site and Attraction
63 
 
Physical impacts and recovery rates  
 
Chapter 3: EIA effectiveness 
Table 2. The total number of visitors, US National Program, New Zealand National Program, 
and tourists, to Cape Royds, Cape Adare, Cape Evans, and the Hut Peninsula, in the Ross Sea 
region.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Mean annual ratios of National Program and tourist visitors between 2005/2006 and 
2008/2009.  Data from: Antarctica New Zealand (2011). 
 
 
Environmental Impact Assessment 
Annex I of the Madrid Protocol requires that before any kind of activities are 
conducted the possible environmental impacts need to be assessed.  The 
term Environmental Impact Assessment (EIA) was introduced in Article 8 of 
the Protocol and is a process whereby persons responsible for an activity 
predict the likely environmental impacts and assess their significance 
(Committee for Environmental Protection 2005).  The EIA process is at one of 
three levels, depending on the nature and scale of the activity (from 
http://www.antarcticanewzealand.govt.nz): 
 
Site and Attraction    Annual visitor ratios to most frequented sites Mean annual 
2005/06 2006/07 2007/08 2008/09 visitor numbers*
Cape Royds:  Hut.  Adélie penguins
US National Program 125 215 162 98 150
New Zealand National Program 174 133 167 47 130
Tourists 369 454 171 282 319
Total 668 802 500 427 599
Cape Adare:  Huts. Adélie penguins
US National Program 0 0 0 0 0
New Zealand National Program 2 0 0 0 1
Tourists 538 19 119 465 285
Total 540 19 119 465 286
Cape Evans:  Hut
US National Program 153 557 616 257 396
New Zealand National Program 167 131 192 73 141
Tourists 278 359 171 272 270
Total 598 1047 979 602 807
Hut Point Peninsula:  Hut. Stations 
US National Program 639 619 627 583 617
New Zealand National Program 105 138 89 38 93
Tourists 423 19 133 250 206
Total 1167 776 849 871 916
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1. Preliminary Environmental Evaluations (PEE) 
 are processed at the national level and required where impacts are 
likely to be less than minor or transitory; 
2. Initial Environmental Evaluations (IEE) 
 are notified to the Antarctic Treaty Parties and required where 
impacts are likely to be minor or transitory; and 
3. Comprehensive Environmental Evaluations (CEE) 
 are considered by the Antarctic Treaty Parties and required where 
impacts are likely to be more than minor or transitory. 
Project leaders must assemble and analyse information on the potential 
environmental effects a proposal may have and how they can be best 
prevented or mitigated.  The people responsible for an EIA need to consult as 
widely as is reasonably necessary and possible in order that the best 
available information and professional advice contribute to the outcome 
(Committee for Environmental Protection 2005). 
Where a CEE is necessary, such as the multinational Cape Roberts Drilling 
Project (1997-1999) the draft CEE was made publically available and 
considered by the Committee for Environmental Protection, which then 
advises the Antarctic Treaty Consultative Meeting.  The Antarctic Treaty 
Consultative Meeting is a mechanism established by the Antarctic Treaty 
which over the last decade meets annually; for the purpose of exchanging 
information, consulting and formulating recommendations on many matters 
including current CEE applications; and thus ensuring the principles and 
objectives of the Treaty and Madrid Protocol are fulfilled.  During the 
Antarctic Treaty Consultative Meeting the CEEs for the proposed activities 
are discussed, comments are provided by other Treaty signatory 
representatives and a decision is made as to whether and how an activity is 
conducted.   
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The main purpose of the EIA is to facilitate the systematic consideration of 
environmental issues as part of development and decision-making (Abaza et 
al. 2004).   
 
New Zealand’s Visitor Site Assessment Scheme (VISTA)  
EIA is based on the premise that activity-related environmental impacts can 
be predicted.  But in reality, our current understanding of cumulative impacts 
and cause-effect relationships in Antarctica remains limited.  Because of this 
a precautionary approach should be taken where the likely impacts of the 
proposal are unknown or uncertain.   
 
Antarctica New Zealand administers a visitor site assessment scheme 
(VISTA), which aims to support the EIA process and address the shortfall of 
information on the cumulative impacts of visitor activity through a site 
monitoring program.  Representatives use a series of booklets, maps, and 
photos to help orientate themselves at a site, and find waypoints for photo 
and ground disturbance monitoring sites.  Annual replication of fixed photo 
points allows changes such as site recovery, or cumulative disturbance, over 
time to be monitored.  Ground disturbance or “terrestrial impact visual 
assessments” are also carried out at all landings on dry ground.  Using the 
visual site assessment method of Campbell et al. (1993) assessing surface 
disturbance in 5 m x 5 m plots in areas where visitors walk.  Where possible 
the assessment is carried out before the visitors land and repeated after their 
visit has been completed.  Information on wildlife, vegetation, evidence of 
previous ground tracking, and other observations are also collected to give 
an overview of the environmental sensitivities of the site.  Currently 20 sites 
in the Ross Sea region are part of the VISTA monitoring program (Antarctica 
New Zealand 2009), including the Taylor Valley Visitor Zone, one of the sites 
used as a case study in this chapter.      
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Examples of New Zealand managed Environmental Impact Assessments 
Under New Zealand’s Antarctica (Environmental Protection) Act 1994 (which 
implements Annex I (Madrid Protocol) provisions), all activities organized in 
New Zealand or proceeding to Antarctica from New Zealand must undertake 
an EIA.  The evaluation must be approved by the Antarctic Policy Unit of the 
Ministry of Foreign Affairs and Trade (MFAT) before the activity can 
commence. A Crown Entity established in 1996 under the New Zealand 
Antarctic Institute Act (1996), known as Antarctica New Zealand, is 
responsible for developing, managing, and executing New Zealand 
Government activities in Antarctica and the Southern Ocean.   Antarctica New 
Zealand is required to develop, manage and execute New Zealand’s activities 
in the Ross Sea region of Antarctica, conserve the intrinsic value of Antarctica 
by understanding and managing human impacts on the Antarctic 
environment, and raise public awareness of the international significance of 
the continent. The environmental impacts of an “event” managed by 
Antarctica New Zealand should never outweigh the likely benefits of the 
scientific research and its outcomes (Antarctica New Zealand, Statement of 
Intent 2011). 
 
The effectiveness of the EIA process was investigated over the 2008/2009 
and 2009/2010 field seasons at five Ross Sea region sites of human 
occupation and activity (Table 3, Figure 1). 
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Figure 1: Location of Ross Sea region case study sites: 1. Greenpeace Base, Cape Evans; 2. 
Taylor Valley Visitor Zone; 3. Vanda Station, Wright Valley; 4. Loop Moraine campsite, Wright 
Valley; 5. Cape Roberts storage area, Cape Roberts (not drawn to scale). 
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The assessed sites were situated on a variety of landforms, soil parent 
materials and climates (Table 3).  At each site the history of the site was 
known, the time since last disturbance was well constrained with sufficient 
background information into the EIA predicted impacts, and, in some cases, 
photo documentation was available.  Assessment of the present state of the 
sites and accuracy of the EIA predictions compared with the actual impacts 
were carried out in the summers of 2008/2009 and 2009/2010. 
 
Site of the Greenpeace World Park Base 
The ice-free area of Cape Evans, Ross Island, is a site of historical value, with 
Scott’s 1910 Terra Nova Hut and associated artifacts, as well as other 
monuments such as the Cross erected by Scott’s expedition on Wind Vane 
Hill.  In the summer of 1986/87 Greenpeace established a base 400 m along 
the beach from Scott’s Terra Nova Hut, on a raised beach terrace about 5 m 
above sea-level between low rock outcrops and the present day beach 
(Figure 2a).  The site had been previously occupied on a number of occasions 
since Scott’s arrival in the early 1900s.  The occupants prior to Greenpeace 
had been members from Robert Swans ‘Footsteps of Scott’ British expedition 
to South Pole in 1984-86, where the crew set up camp at the site for number 
of days before recreating Scott’s last march to the Pole (Mear and Swan 
1987). The Greenpeace four-person winter-over base consisted of a main 
building of pre-fabricated units constructed in 1987, and then from 1988 to 
1990 several structures were added to the base; forming an L-shaped main 
building, fuel rack, storage shed for food, SATCOM-tower, wind generator and 
radio-antennas (Greenpeace 1991a).   
 
Environmental Impact Assessments and restoration efforts 
The IEE for the commissioning of the base stated that potential impacts 
during the construction phase could include fuel spills, stress on the 
immediate surrounds, including disturbance to skuas and the ground, as well 
as dust and helicopter noise pollution (Greenpeace 1986).  During occupation 
and overwintering of the base the EIA stated that the ‘presence of four people 
in a limited area will put some limited stress on the immediate surroundings’ 
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but that the small party would have little impact on the soils, that there was 
‘no nearby vegetation, and that no vehicles were planned to be used inland’.  
Greenpeace concluded that the ‘foreseeable environmental impacts of the 
proposed activities of base construction are negligible, and an Environmental 
Impact Statement [precursor to a CEE] is not needed’.  Monitoring during site 
occupation and at the conclusion and decommissioning phases of the 
program was promised. 
 
An IEE was prepared for decommissioning of the Greenpeace base, and 
removal and remediation of the site took place in the 1991/1992 summer.  
The IEE indicated that ‘the proposed base removal will not have more than a 
minor and transitory effect on any component of the environment, and a CEE 
is not needed’ (Greenpeace 1991a) and that ongoing monitoring of the site 
would be continued beyond the 1991/1992 decommissioning season.  
During occupation Greenpeace estimated that a maximum of 30 cubic meters 
of soil may have been contaminated with fuel. Contaminated soil was 
removed to a depth of 20 cm in the most contaminated sites and returned to 
New Zealand during the site remediation process to ensure all practicable 
mitigative pathways had been followed to prevent contamination via 
subsurface flow into the Ross Sea (Roura 2004).  In total it is estimated that 
five tonnes of contaminated sediments were removed (Greenpeace 1992, 
1994b).  All excavations were back-filled and levelled to prevent permafrost 
degradation.  Most of the sediments used as backfill were extracted from the 
present day beach, where the potential for permafrost degradation was 
comparatively minor (Roura 2004).  Environmental monitoring to evaluate 
the likelihood of fuel migration and to assess backfill stability was carried out 
by Greenpeace in 1991/92, 1992/93 and 1995/1996 with the logistic 
support of Antarctica New Zealand (Greenpeace 1991a, 1991b, 1992, 1993, 
1994a, 1994b, 1997).  
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Observations 
Photos and sketches were used as a means of locating the site of the former 
Greenpeace base.  Soil was excavated to the depth of ice-cemented 
permafrost (approximately 40 cm below the surface in January 2009) around 
the vicinity of the former fuel rack; and a qualitative “sniff test” conducted to 
check for evidence of hydrocarbons.  The main visible evidence of the former 
Greenpeace base was the unnatural gravel mounds associated with either the 
removal of persistent snow drifts from the landward side of the building, or 
site flattening to accommodate the base (Figure 2b,c).  Unnaturally placed 
boulders on top of the raised beach surface were noted (Figure 2d), as well as 
an occasional nail or small (<10 cm long) piece of wood (though the litter 
may be attributable to the Scott era).  On an undisturbed surface the rocks 
would be embedded into the pavement whereas rocks sitting clear on top of 
the surface appear to have been placed there in an attempt to restore the 
surface.  A trace of a corner of the main building was still visible, though not 
obvious, where the area was levelled and Greenpeace cut into the ridge 
(Figure 2c).   
 
Overall there was little remaining evidence of the former base.  It took 
knowledge of the location of past activities and careful observation to 
identify any evidence of disturbance.  A lag gravel deposit had reformed over 
the entire site.  There was no evidence of structures such as the drainage 
trench, SATCOM tower, or food storage hut. The raised beach surface showed 
no evidence of permafrost degradation in backfilled areas, no visual 
expressions of fuel spills, or remnants of walking tracks or drains, or any 
obvious differences in texture or surface colour when compared with nearby 
undisturbed beach surfaces.  The beach worked loose gravel at the site is 
readily resorted by surface wind, water, freeze-thaw, and snow melt and run-
off processes; making it an active and readily recoverable surface.   The site 
was temporarily reoccupied in 2011 by the Antarctic Heritage Trust whilst 
they carry out restoration of Scott’s Terra Nova Hut.  
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Figure 2: Sites of Greenpeace World Park Base at Cape Evans, and the Taylor Valley Visitor 
Zone.  a) Greenpeace huts and fuel storage racks in January 1992; b) Red rectangle marking 
the location of the former Greenpeace base; c) Red marks the trace of former corner of main 
Greenpeace building and unnatural gravel mounds; d) “unnaturally” placed boulders on top 
of the raised beach surface, with recovered surface in foreground (glove for scale); e) Taylor 
Valley Visitor Zone steep track to lookout, 06/07 season, post-96 visitors; f) Taylor Valley 
Visitor Zone steep track to lookout, 09/10 season, before first tourist group of the season. 
 
 
Tourism at the Taylor Valley Visitor Zone  
The Taylor Valley Visitor Zone (TVVZ) is located adjacent to the Canada 
Glacier, in the Taylor Valley. Designated as a ‘Tourism Zone’ in 1995, the 
TVVZ is currently the only area in the McMurdo Dry Valleys where tourists 
are allowed to visit.  It is an attractive site which provides visitors with a 
spectacular experience of a typical “Dry Valley” site. The visitor zone was 
selected as a site where “safe and easy access and movement within the area 
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can be reasonably assured with minimal impact to science activities or the 
environment” (New Zealand, United Kingdom, United States 2006).  Access is 
by helicopter only. The tourism zone is approximately 350 x 300 m, 
dominated by a low (approximately 30 m high) hill, and is covered in gravely 
rocky till.  There are established walking tracks and small guided groups 
walk around the site, passing by a pro-glacial lake and the terminus of the 
Canada Glacier, up a steep track to a lookout point, and also past mummified 
seals.  A total of 434 people have landed between the summers of 2006/2007 
and 2008/2009.  Average landing times are about 9 hours (entire party) 
(Antarctica New Zealand 2009).  Research program activity also occurs in the 
vicinity of the site, with substantial United States Antarctic Program camps at 
nearby Lake Fryxell and Lake Hoare, so total visitor numbers are difficult to 
quantify.   
 
Environmental Impact Assessment 
Inspection of a recent IEE from a tourist operator working in the Ross Sea 
revealed the sections relating to the assessment of impacts to surfaces 
traversed and possibilities of cumulative impacts as generic, stating the 
activities proposed in Antarctica “are likely to have less than minor or 
transitory impact on the Antarctic environment”.  Details regarding specific 
sites to be visited, and precautions required at each site were not included.  
Perhaps this is typical of a tourist operator IEE and was confirmed by an 
Antarctic Policy Unit compliance officer from the New Zealand Ministry of 
Foreign Affairs and Trade (Ane Hunkin, pers.comm. June 21, 2011).       
Observations 
A visual site assessment and Antarctic New Zealand administered Visitor Site 
Assessment (VISTA) scheme photo-replication revealed that the physical 
impacts of the tracks within the TVVZ persist between seasons (Figure 2e,f); 
although distinct foot-prints were not evident prior to tourists arriving in 
December 2009.  An overall contrast in desert pavement colour between the 
track and adjacent undisturbed mixed till pavement was evident; and, due to 
the concentration of larger clasts being pushed to the outer margin the 
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formed walking track was clearly evident. However, VISTA photo-replication 
showed that the colour contrast between track and adjacent control was 
much less pronounced after the site had a winter to recover; implying that 
some visual recovery of the desert pavement does occur between tourist 
seasons.  It was also observed that the tracks follow the patterned ground 
cracks were practicable.  The patterned ground cracks are the most active 
and readily recoverable areas in the landscape, and the most favourable place 
to concentrate visitor flow. 
 
Site of the former Vanda Station  
Vanda Station was established adjacent to Lake Vanda in the 1968/1969 
summer to support research in the Wright Valley (Figure 3a). Human 
occupation left the former Vanda Station site disturbed by trampling, vehicle 
movement, excavations, occasional oil spills and accumulation of debris 
(Webster et al. 2003).  Urine and grey water was strained and dumped in an 
adjacent gully until 1993.  With rising lake levels the potential for leaching of 
contaminated ground into the lake system was a concern (Sheppard et al. 
1993) so decommissioning of the station took place from the summers of 
1992/1993 to 1994/1995 (Hayward et al. 1994). 
 
 Environmental Impact Assessment and restoration efforts 
 An IEE was submitted to carry out the decommissioning and remediation of 
the site in March 1994.  The IEE stated that all physical structures would be 
removed; all contaminated soil with the potential to adversely impact on lake 
waters would also be removed.  And in addition a monitoring program would 
be undertaken to ensure that any changes in lake levels could be identified 
(Hayward et al. 1994).   Little information was included in the IEE regarding 
the impacts from the removal activities.  All that was mentioned was that the 
decommissioning activities would “have the minor and transitory impacts of 
generating dust and noise”, and that “all solid and liquid wastes generated 
during this period will be removed ...” (Hayward et al. 1994). 
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Over the summer of 1994/1995 a team of 4-6 people were stationed at the 
site.  Removal of the station, comprising eight buildings able to accommodate 
14 people, took over 180 person days and 70 helicopter hours to complete. 
Buildings and a large amount of contaminated soil and painted rocks were 
removed (Webster et al. 2003).  Effort was also made to restore land surfaces 
to a “natural” condition including pathways and tracks (Hayward et al., 
1994).  The IEE indicated that a significant environmental concern following 
station removal was the potential for reactivation of soil contaminants in the 
immediate vicinity of the former buildings (Hayward et al. 1994).   The risk of 
leaving the structures and contaminated soil in place, however, with rising 
lake levels causing major contamination into the lake waters, was considered 
to outweigh the risk (Sheppard et al. 1993). 
 
Following decommissioning of the site Antarctica New Zealand undertook an 
annual program of water and algae sampling from 1994/1995 until 
2001/2002.  Samples were taken from Vanda Bay (immediately adjacent to 
the station site) and a control site to ensure any changes in lake water 
chemistry could be identified.  Analysis of data, including dissolved nutrients, 
chlorophyll, particulate nutrients, algal species composition and heavy 
metals, revealed that there was ‘no evidence to date to suggest contamination 
has occurred in Vanda Bay’ (Sutherland 2002). 
 
Observations 
The hardy nature of the bedrock and the thorough cleanup made it difficult to 
locate the site of the former central court and mess hut (Figure 3a,b), even 
though a member of our party had stayed at the site on a number of 
occasions.  There were no visible footprints, all building materials had been 
removed, displaced rocks had been redistributed, and efforts had been made 
to redistribute boulders concentrated along vehicle and walking track 
margins.  It was noted that black lamprophyre dyke rocks which outcrop in 
long narrow stripes on the surface, were redistributed somewhat unnaturally 
amongst the lighter granitic slabs and bedrock.   
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Figure 3: Site of the former Vanda Station, the Loop Moraine campsite, and Cape Roberts ice-
free storage area.  a) Vanda Station in Jan 1992, immediately prior to removal; b) the site of 
the main Vanda mess hut.  The three people are marking the corners of the buildings ; c) 
Loop moraine campsite, Dec 2004.  Photo: Fiona Shanhun; d) Loop moraine campsite, 5-
years later, Dec 2009; e) Loop moraine track to toilet, track margin visible (white arrows),  
after 5-years recovery, Dec 2009; f) Cape Roberts storage area, c. 1997.  Photo: Rebecca 
Roper-Gee; g) Cape Roberts remediation Jan 2001.  Photo: Rebecca Roper-Gee. 
 
 
Loop Moraine campsite and walking tracks 
 The New Zealand Antarctic Program K123 Loop Moraine campsite and 
associated walking tracks were occupied for one month by four people 
during the summer of 2004/2005 (Figure 3c).  The camp consisted of three 
tents and a nearby site where toilet buckets were placed.  Also field  
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equipment was stacked adjacent to the site of three helicopter landings.  
 
Environmental Impact Assessment and restoration efforts 
The event IEE indicated that there would be disturbances to ice-free areas, 
but that ‘any soil sampling pits would be backfilled, and desert pavement 
restored as much as possible, [and that] any stones moved would be 
replaced’.  The IEE detailed that impacts from the visit would be minimal as 
the environments visited had ‘active surfaces from which disturbances are 
soon obliterated’ and stated that their total impact on the environment is 
likely to be ‘less than minor and transitory’ (Preliminary Environmental 
Evaluation K123 2004).   
 
At the end of January 2005 all tents and equipment were removed and any 
obviously disturbed stones were returned to their original orientation.  At the 
time of departure from the site footprints were widely evident around the 
area where the tents had been and distinct walking tracks had formed 
between the campsite and the toilet facilities and the campsite and stream 
side experiment (Figure 3e)  
 
Observations 
At the Loop Moraine widespread trampling around campsites was 
undetectable within five years (Figure 3c,d), yet evidence of walking tracks 
remained in the landscape (Figure 3e) even though the desert pavement had 
visually recovered.  The larger clasts which concentrated along the margins 
of confined tracks remain visible in the landscape (Figure 3e). 
 
 
Cape Roberts ice-free storage area 
Cape Roberts is a small ice-free coastal peninsula situated on the southern 
side of Granite Harbour on the Antarctic Mainland.  Currently the facility zone 
includes an area of flat ground where two huts, a toilet shelter and a fuel 
depot are located.  The buildings were erected in November 1984 and the site 
used for winter storage of vehicles, drilling, and camp equipment during the 
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Cape Roberts Drilling Project; a multinational marine sediment drilling 
program that operated from 1995 to 2000 (Figure 3f). Site remediation 
occurred over the summers of 1999/2000 and 2000/2001.  The huts were 
left in place to support ongoing tide gauge measurements (Figure 3g).  Since 
site remediation the numbers of visitors to Cape Roberts have ranged 
between one (summer of 2003/04) to 20 visitors (summer of 2009/2010) 
(Antarctica New Zealand 2011). 
  
Environment Impact Assessment and restoration efforts 
A baseline survey of the Cape Roberts storage area was carried out over the 
summer of 1992/1993 to collect environmental data which would enable the 
impact of the project to be assessed at its conclusion (Campbell and Keys 
1993).  General soil and vegetation patterns were determined and 
representative plots established in the areas deemed likely to be subject to 
the highest impacts.  A CEE was required for the Cape Roberts Drilling 
Project.  The CEE predicted that the main impacts at Cape Roberts would be 
caused by vehicles and storage of materials and human trampling in an area 
previously disturbed by human activities.  Likely impacts would include 
surface disturbance by compaction, as well as the risk of contamination from 
fuel spills.  Helicopter movement was also predicted to impact the skua 
populations in the vicinity.  The CEE concluded that there would be 
cumulative impact resulting from the proposed activity, however it would be 
“small and insignificant in relation to its advantages” (Keys et al. 1994).  A 
decommissioning, spill monitoring, and a cleanup phase took place over the 
summers of 1999-2001, and rakes were used to redistribute rocky soil 
disturbed by vehicle tracks and other activities.  Full restoration of the 
storage area to pre-project condition was attempted (Figure 3g).    
 
Observations 
The site was visited in January 2010; 10 years after remediation took place.  
A visual site assessment was repeated on the representative plots first 
surveyed pre-project in 1992/1993, and evidence of former site occupation 
was undetectable.  It was evident that the use of manual raking in site 
remediation had been effective. 
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Discussion  
The five case studies showed that overall the standard of landscape recovery 
was higher than anticipated. The decommissioning and site remediation of 
the Greenpeace World Park Base at Cape Evans, and Vanda Station, in the 
McMurdo Dry Valleys, was effective.  There was very little evidence of either 
base, and no evidence of former structures or vehicle tracks.  A considerable 
volume of contaminated soil was removed at both the Greenpeace World 
Park Base and the Vanda Station during site remediation, and we found no 
evidence of permafrost degradation, or humps or hollows indicating 
backfilled areas.  The faint trace of the corner of the Greenpeace base, would 
not be noticeable to the casual observer.  It can be assumed that generally the 
cleanup at Greenpeace World Park Base would have required less effort than 
that of Vanda Station as the EIA system was in place and precautionary 
measures, for example, to prevent oil spills, would have been put in place 
from the commissioning of the station in 1987.  Life at Vanda Station, on the 
other hand, was different in the late 1960s, with few measures in place to 
mitigate the environmental concerns we have today. 
 
The Taylor Valley Visitor Zone is the only zone in the McMurdo Dry Valleys 
that is visited by tourists.  Tourist operators in the Ross Sea region are 
careful to follow the guidelines set for the visitor zone, and preexisting 
walking tracks are used.  Use of patterned ground cracks as the preferred 
route for walking tracks was effective as the active movement of materials in 
the patterned ground cracks assists surface recovery.  Previous work in the 
McMurdo Dry Valleys, by Campbell et al. (1998), has shown that once a track 
has formed (within 20 or so passes) the cumulative impacts of larger 
numbers of people following the same track: 20 passes, versus 200 passes, 
versus 2000 passes, are minimal.  The use of a single confined track will 
preserve the existing undisturbed desert pavement adjacent to current 
tracks, preserving the natural integrity of the landscape.  The cumulative 
impacts of repetitive visitation are thus minimized by keeping people to one 
clearly defined walking track.  We found VISTA an effective tool to assess 
cumulative impacts and recovery between seasons at the Taylor Valley 
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Visitor Zone.  VISTA photo-replication showed that the physical impacts of 
the tracks within the visitor zone persist between seasons.  However, distinct 
foot-prints were not evident. 
 
The Loop Moraine campsite is an excellent example of the rate of recovery in 
areas of the McMurdo Dry Valleys.  Previous studies have shown that most of 
the ice-free areas in the Ross Sea region of Antarctica are readily disturbed 
by human activities, and slow to recover in the prevailing cold and arid 
conditions (Campbell and Claridge 1987; Campbell et al. 1993, 1994, 1998; 
Claridge et al. 1995; Sheppard et al. 1994).  In some cases visual impacts can 
persist in the landscape for a very long time (Campbell and Claridge 1987; 
Campbell et al. 1993, 1998).  The Loop Moraine campsite challenges this 
longstanding observation as we observed the widespread trampling around 
the campsite was undetectable within five years.  The scale of the physical 
impact will naturally have some bearing on recovery time, such as 
disturbance from bulldozer blades compared with pedestrian foot traffic; the 
former persisting in the Antarctic landscape for decades (Campbell and 
Claridge 1987; Campbell et al. 1993, 1998).  The Loop Moraine site also 
illustrated the differences in recovery rates of confined tracks and randomly 
trampled sites.  Evidence of the campsite itself was undetectable, however 
well used tracks to and from the campsite were visible five years on, and in 
hindsight the group may have chosen to either rake out formed tracks, or 
walk to their experimental sites and the toilet facilities in a random and 
widespread fashion, avoiding the formation of confined walking tracks.  
 
Finally, the CEE for the Cape Roberts Drilling Project was accurate and as 
predicted, surface compaction and formation of vehicle and walking tracks 
did result from site activities.  The CEE also stated that site restoration would 
take place, and 10 years on, the impacts of the former occupation were not 
visible.   
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Cleanup practices 
Observations at the site of the Cape Roberts storage area show that the 
remediation efforts, and in particular, the use of surface raking, was effective.  
A rake was used to redistribute surface stones which had concentrated in 
areas of vehicle activity and foot traffic, as well as to loosen compacted areas.  
The technique led to recovery of the desert pavement within nine years.  The 
redistribution of slabs of granodiorite and lamprophyre dykes rocks at the 
Vanda Station site, and volcanic boulders at the former Greenpeace base site, 
were effective forms of remediation, although repositioning did look 
unnatural in some cases.  Redistribution of disturbed rocks needs to be 
undertaken with an understanding of their natural position in the 
environment, and rocks embedded back into the pavement surface for a 
natural appearance.  It is also important to note that there was no 
relationship between the amount of time the site was occupied and the 
effectiveness of site rehabilitation, as evidenced when we compare the 5-year 
occupation of the Greenpeace base site, with the 25-year occupation of the 
Vanda Station site, and one month at the Loop Moraine site.  Former 
occupation was almost undetectable at all sites and in all cases recovery was 
a function of the effort of the personnel doing the cleanup and the active wind 
and water-driven surface processes. 
 
Environmental Impact Assessment effectiveness 
Investigation into five sites in the Ross Sea region has demonstrated that 
overall appropriate site restoration and post-event monitoring is being 
conducted with an excellent standard of outcomes.  On the exterior the EIA 
process may seem superficial with a lot of generic form-filling. The schemes 
greatest asset is that it raises awareness by increasing accountability and 
through motivating members of events to take responsibility for their 
activities.  EIA follow-up investigations such as this are often a neglected 
element of the EIA process.  Effort should be made to systematically carry out 
evaluations on a regular basis to ensure the process remains working 
effectively.  
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Comparison of Antarctic and Arctic Environmental Impact Assessment 
systems 
The Antarctic and Arctic show similarities in some respects; both regions are 
under growing environmental stress, and have fragile elements susceptible 
to damage from outside sources; but in terms of environmental protection, 
sustainability, and international environmental law, the poles differ 
substantially.  The Antarctic, whose environmental legal regime is governed 
by the Antarctic Treaty System (1959), has been called the model in 
international law for a purely environmentally focused management regime 
(Nowlan 2001).  A “freeze” on sovereignty claims, has resulted in a single 
comprehensive environmental protection regime, whose international 
environmental regulations have then been incorporated into the national 
legal systems of the Antarctic Treaty Consultative Parties.  Furthermore, the 
development of the legal system occurred under the absence of an 
indigenous human population, permanent population, or industrial, and 
resource conflicts; thereby making execution of its principles easier in some 
respects.  The Arctic, on the other hand, is a region dominated by the existing 
national legal systems of the eight Arctic states.   Complicating environmental 
management are the approximate 10 million people that live in what is 
defined the Arctic region, of whom 1.5 million are of indigenous origin, most 
of whom require economic activity for survival.  Exploitation of natural 
resources, particularly mining, is prohibited by the Antarctic Treaty, whereas, 
mineral exploration and development are well advanced in Canada, the 
United States, Norway, and Russia, and mining activities are subject to the 
domestic legal regulatory regime of each Arctic state.  The inhabitants of the 
Arctic therefore need to live under a legal regime that permits them to thrive, 
while at the same time protecting the fragile environment.  In the Arctic, 
domestic law governs environmental assessment, though the Arctic states 
are encouraged to follow the voluntary EIA Guidelines (Nowlan 2001).  EIAs 
are undertaken for most large-scale activities, and applied to activities 
associated with the exploitation of natural resources, public use, military 
activities, and the development of infrastructure that may cause significant 
environmental impacts (Nowlan 2001).  The EIA assessment, scope, 
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considering alternatives, collection of baseline data, predicting cumulative 
impacts, and monitoring during and after the activity is essentially the same, 
however, in the Arctic public participation and consultation between 
indigenous peoples, groups, organizations, and communities, which have an 
interest in, or could be affected by, the proposed action is a requirement.  
Inclusion of public consultation into the EIA process in the Arctic means all 
those affected by the project are able to provide input into the planning, 
ensures openness, establishes trust amongst all parties, and ultimately if 
undertaken effectively, allows communities to accept and contribute 
positively to the proposed activity.  Public consultation can lead to a negative 
decision on the project, when it is found that the activity will adversely affect 
local populations beyond acceptable means.  Another factor unique to the 
Arctic EIA process is the possible ‘transboundary’ impacts which can occur 
with activities. EIAs can be difficult as project developers and authorities 
need to make allowances for different legal systems, and matters are further 
complicated as the citizens within the area of likely impacts of the affected 
country need to be given the opportunity to also participate in the EIA. In the 
Arctic past activities which have led to ‘transboundary’ impacts have 
included development of oil and gas resources, large-scale hydro-electric 
projects, and road building.  Clearly, bi- or multilateral agreements are 
required.   
 
Many would ask whether the current Arctic legal regime is protecting the 
environment, and some would say that the answer depends on what nation is 
studied, and what environmental issue is considered.  The consolidation of 
the Arctic legal regime into a region wide treaty, like the Antarctic Treaty, has 
been considered, and there are of course pros and cons.  The main advantage 
in terms of EIA would be increasing states’ obligations to protect the 
environment; however time and expense of developing an international 
treaty which encompasses all the specific needs of the Arctic, such as the 
socio-economic and cultural needs of the indigenous peoples, balanced 
against the unique environmental attributes of the Arctic, is likely to be a 
difficult task. 
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Conclusion 
Five case studies were investigated to assess the effectiveness of the 
Environmental Impact Assessment system with respect to predicting and 
managing the effects of visitor activity in the Ross Sea region of Antarctica.  
Investigated EIAs included: the decommissioning of the Greenpeace World 
Park Base, Cape Evans; Taylor Valley Visitor Zone, Taylor Valley; the 
decommissioning of the Vanda Station; occupation of the Loop Moraine 
campsite, both in the Wright Valley, McMurdo Dry Valleys; and the 
occupation and restoration of the ice-free storage area for the Cape Roberts 
Drilling Project, Cape Roberts. The assessed sites were situated on a variety 
of landforms, soil parent materials, and local climates.   At each site the 
history of the site was known, the time since last disturbance was well 
constrained. Assessment of the present state of the sites and accuracy of the 
EIA predictions compared with the actual impacts were carried out in the 
austral summers of 2008/2009 and 2009/2010 using visual soil assessment 
methods. 
 
Each of the five case studies demonstrate a high level of consistency between 
EIA-predicted impacts and actual impacts, appropriate remediation of sites 
post-event, and follow-up monitoring where promised.  Cleanup practices 
were of a high standard in each of the case studies investigated.  The Loop 
Moraine field camp site illustrated the differences in recovery rates of 
confined tracks and randomly trampled sites.  Where the EIA impacts were 
predicted to be ‘less than minor and transitory’ it was found that evidence of 
the campsite itself was undetectable, but the well-used tracks to and from the 
campsite were visible five years on.  The raking out of tracks, redistribution 
of disturbed stones, and careful backfilling of excavations, all assisted in the 
rehabilitation of the formerly disturbed sites so that former occupation was 
almost undetectable at all camp sites investigated.  In all cases recovery was a 
function of the effort of the personnel doing the cleanup and active wind, 
water, and freeze-thaw, driven surface processes. 
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On the exterior the EIA process may seem superficial with a lot of generic 
form-filling.  However the great benefit of the EIA system is its ability to raise 
environmental awareness as visitors carry out their activities.  The EIA 
system motivates visitors to take responsibility for their “footprint” on the 
environment.  Thus visitors are more likely to avoid creating impacts and are 
motivated to restore disturbed surfaces as much as possible prior to their 
departure.  The result is an exceptionally high, world leading, standard of 
environmental management that reflects the relatively pristine environment 
in the Ross Sea region of Antarctica.    
 
Uncertainties remain with regard to cumulative impacts. The VISTA (Visitor 
site assessment scheme) is attempting to provide ongoing monitoring in the 
Taylor Valley Visitor Zone and building baseline information on recovery 
between seasons.  EIA follow-up investigations such as this study are often a 
neglected element of the EIA process.  Effort should be made to 
systematically carry out evaluations on a regular basis to ensure the EIA 
process is effective. 
 
In contrast to the pristine Antarctic, the higher level of human occupation 
and activity in the Arctic means that EIA practices there are applied only to 
major development activities that are on a scale not yet contemplated in the 
Antarctic.   
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Abstract 
 
Humans are visiting Antarctica in increasing numbers and the ecological effect of rapid soil habitat 
alteration due to human-induced physical disturbance is not well understood.  An experimental soil 
disturbance trial was set up near Scott Base on Ross Island, to investigate the immediate and 
short-term changes to bacterial community structure following surface soil disturbance.  Three 
blocks, each comprising an undisturbed control, and an area disturbed by removing the top 2 cm of 
soil, were sampled over a time series (0, 7, 14, 21, and 35 days), to investigate changes to 
bacterial community structure using DNA profiling by terminal restriction fragment length 
polymorphism (TRFLP).  The simulated disturbance did not cause any major shifts in the structure 
of the bacterial communities over the 35 day sampling period.  Ordination showed that the bacterial 
community composition correlated strongly with soil EC (R2 = 0.55) and soil pH (R2 = 0.67), rather 
than the removal of the top 2 cm of surface material.  Although the replicate blocks were visually 
indistinguishable from one another, high local spatial variability of soil chemical properties was 
found at the study site and different populations of bacterial communities occurred within 2 m of 
one another, within the same landscape unit.  Given the current knowledge of the drivers of 
bacterial community structure, i.e. soil EC, soil pH, and soil moisture content, a follow-up 
investigation incorporating DNA and RNA-based analyses over a time frame of 2-3 years would 
lead to a greater understanding of the effects of soil disturbance on bacterial communities. 
 
Introduction  
 
Approximately 25,000 km2, or half of Antarctica’s ice-free, and soil forming, areas are found in the 
Ross Sea region of Antarctica (Fox and Cooper 1994; British Antarctic Survey 2005).  Ross Sea 
region ice-free areas are found discontinuously distributed around the coastal margins and in the 
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McMurdo Dry Valleys, the largest continuous expanse of ice-free ground.  Soil ecosystems in the 
Ross Sea region terrestrial environment are characterised by low and fluctuating temperatures, 
high aridity, low precipitation, low moisture availability, desiccating winds, high exposure to UV 
radiation, and low levels of organic matter (Campbell and Claridge 1987; Wynn-Williams 1990).  
Despite the hostile environment, Antarctic mineral soils can harbour bacterial numbers of up to 109 
cells g-1 dry soil (Bölter 1995; Aislabie et al. 2006, 2008; Xiao et al. 2007; Cannone et al. 2008; 
Ganzert et al. 2011).   
 Ross Sea region soils comprise a surface desert pavement and seasonally thawed active 
layer overlying permafrost.  Mature, undisturbed Ross Sea region desert pavements are typically 
characterised by a closely packed layer of gravel, cobble, and boulder-sized rock material, which 
depending on its age, can be ventifacted, and coated with desert varnish (Campbell and Claridge 
1987; Bockheim 2010).  Desert pavement clasts are embedded into a finer matrix, and their 
undersides are often coated in salts.  The soils beneath are alkaline, generally lack structural 
development and coherence, and are coarsely textured with very low organic matter contents 
(Campbell and Claridge 1987; Balks et al. 2002; Aislabie et al. 2004).  Soils of the coastal regions, 
such as Scott Base, contain ice-cemented permafrost (Balks et al. 2002; Bockheim and McLeod 
2006), and predominantly NaCl and NaSO4 salts consistent with direct marine input (Campbell and 
Claridge 1987; Campbell et al. 1998).  Mean annual soil temperatures in the Ross Sea region 
range from –15 °C to -40 °C; however during the continuous daylight of the summer months, 
surface soils are subject to large daily temperature fluctuations and near-surface soil temperatures 
can reach 20 °C (Balks et al. 2002).  The lack of plant roots and limited available water means that 
carbon and nutrients are not translocated easily down the soil profile, and as a result the dominant 
food web, including bacteria, is limited to the near-surface environment (Wall and Virginia 1999). 
In polar climates a high spatial variability in soil abiotic factors can exist, and the structure 
of bacterial communities has been observed to be controlled predominantly by soil pH (Yergeau et 
al. 2007; Aislabie et al. 2008, 2011; Chong et al. 2012), soil salinity (Aislabie et al. 2006), soil 
moisture (Aislabie et al. 2006; Barrett et al. 2006; Cary et al. 2010; Ganzert et al. 2011) and nutrient 
availability (Barrett et al. 2006; Hopkins et al. 2006b; Sparrow et al. 2011).  Soil pH is thought to 
influence nutrient availability, soil carbon, and soil cation solubility (Lauber et al. 2009), as well as 
influence bacteria competitiveness, and their ability to grow and survive outside optimum soil pH 
(Lauber et al. 2009).  Microbes are sensitive to the concentration of soluble salts in soils and past 
studies have shown that high salinity reduces microbial biomass (Wichern et al. 2006), amino acid 
uptake, and protein synthesis (Norbek and Blomberg 1998), and reduces soil respiration (Gennari 
et al. 2007).  Ross Sea region soils contain high levels of soluble salts, and small pulses of water 
from a snowfall event (Ball et al. 2011, 2012), or an influx resulting from human disturbance to 
underlying permafrost (such as the removal of the permafrost-insulating soil active layer and 
consequent thawing of the salt-rich ice contained in the upper part of the permafrost), can create  
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unfavourable habitats for soil biota, releasing salts into the soil profile, or accumulating salts at the 
ground surface as salt efflorescences (Campbell et al. 1993, 1998; Balks et al. 1995).  Microbes 
have semi-permeable membranes capable of rapidly equilibrating with surrounding water.  
Increased available moisture over short periods may have had a positive impact on microbial 
communities as previous studies have shown increases in soil CO2 efflux (Treonis et al. 1999; 
Moorhead et al. 2003; Ayres et al. 2010).  Conversely, frequent wetting and drying events and 
fluctuations in soil temperature can also be stressful to microbes, as they must expend energy to 
regulate osmotic pressure to their microenvironment (Nkem et al. 2006; Ball et al. 2012) and 
bacterial metabolism may be affected.  As the soil dries out again the matric potential of the soil 
decreases, salts concentrate, and water films around aggregates become thinner and 
disconnected.  Water is held more tightly to the aggregate surfaces and restricts nutrient diffusion 
(Chowdhury et al. 2011), bacterial activity, and growth.  To achieve osmotic regulation bacteria 
synthesize amino acids and other organic compounds, as solutes (Csonka 1989). Accumulating 
and disposing of solutes can be energetically expensive for organisms, and it is those organisms 
that have adapted to survive episodic stresses that are likely to dominate soil environments 
(Schimel et al. 2007).  
Under Annex I and II of the Protocol on Environmental Protection to the Antarctic Treaty 
all activities undertaken in Antarctica must be planned and coordinated to limit adverse impacts on 
the environment, and associated ecosystems (Annex II, Article I (d) and I (h)). Over recent decades 
there has been a rapid increase in the number of people visiting Antarctica, with annual visitor 
numbers for the 2010/2011 season exceeding 34,000 people (IAATO 2011).  The majority of visits 
concentrate around the limited ice-free areas where the national programme stations, historic huts, 
and wildlife hotspots are located.  With increasing human presence comes increased human-
induced disturbance of the ice-free areas and potentially the organisms and communities residing 
within the soil.  Desert pavement disturbance can arise from a number of sources, and at different 
intensities, ranging from human trampling, to vehicles that cause overturning of large stones.  In the 
Ross Sea region overturned stones are visible as undersides are often less weathered, lighter 
coloured, and coated in salts.  Other disturbances range from indentation and compression of sub-
surface soils, bulldozer blade scrapes, and removal of tens of centimetres of material for road fill, to 
base construction and complete re-contouring of the immediate landscape. The physical effects of 
human disturbance on soil properties were first studied in the Ross Sea region by Campbell et al. 
(1993, 1994, 1998), who reported increased soil compaction with increasing trampling intensity, as 
well as increases in soil albedo (due to the exposure of lighter subsurface material following 
surface disturbance).  An experimental trial undertaken by Balks et al. (1995) replicated moderate-
to-high intensity physical disturbance by physically removing the soil active layer at two sites in the 
Ross Sea region (Scott Base and Marble Point).  Balks et al. (1995) observed the precipitation of 
salt efflorescence’s on the surface of the recently disturbed sites as the exposed underlying 
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material equilibrated with the environment.  Changes to soil surface albedo, soil moisture, and the 
soil surface (slumping) were also noted as a consequence of removal of the soil active layer (Balks 
et al. 1995).   
Previous human disturbance research in Antarctica has focussed little attention on the 
impacts caused to biotic communities and biogeochemical cycling.  Biota-focussed studies have 
been limited to two trampling studies investigating the long-term impacts to soil fauna.  The first 
investigated changes to nematode populations in walking tracks within the U.S. McMurdo Dry 
Valleys Long Term Ecological Research project site (Ayres et al. 2008); and the second focussed 
on changes to soil collembola populations at different trampling intensities on Livingston Island in 
the South Shetland Islands, Antarctic Peninsula (Tejedo et al. 2009).  Ayres et al. (2008) compared 
nematode populations (abundance, ratio of living to dead individuals, and dominant species) in 
tracks used continuously for 10-years during summer months to those used for 2-years.  Ayres et 
al. (2008) showed increased nematode mortality, lower abundances, and a greater level of physical 
disturbance to the surface of tracks which were used at higher intensities and at longer durations, 
compared with newer tracks and control areas.  Tejedo et al. (2009) showed the dominant species 
of collembola in Livingston Island soils decreased with increasing trampling intensity and increasing 
soil compaction.  Overall, little is known about the response of Antarctic soil microbial communities 
to human disturbance or what timescale responses can be detected. 
The objective of this study was to investigate the immediate and short-term changes to 
bacterial community structure in response to simulated soil surface disturbance.  We hypothesized 
that soil environmental factors, such as soil salinity, pH, and soil moisture, would be altered by the 
simulated disturbance, and would result in a shift and detectable difference in the bacterial 
community structure at disturbed and undisturbed sites.  We also attempted to determine which 
environmental variables had the greatest influence on the bacterial community structure at the site. 
 
 
Materials and methods 
 
Site description and sample collection  
 
The trial was undertaken near Scott Base, on Ross Island, in the Ross Sea region of Antarctica 
(Fig. 1, Table 1).  The trial site was on a hillside approximately 200 m NW of Scott Base in an area 
where the desert pavement was largely undisturbed, though some surface trampling from people 
walking across the area had inevitably occurred since establishment of Scott Base in 1957.  Scott 
Base experiences moderate snowfall (mean snowfall 90 days a year) (Claridge et al. 1999), with 
each snowfall generally amounting to a few millimetres, but occasional falls of a few centimetres 
can occur during a 24-hour period (Bromley 1994).  When the experiment was established in  
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December 2009 the study site was free from snow but during subsequent samplings in January  
2010 the site was intermittently covered by several centimetres of snow which was cleared before 
sampling on Days 14 and 21.  It can therefore be assumed that the area is occasionally flushed by 
melting snow or downslope water flow.  Soils of the study site were Typic Haplorthels (Soil Survey 
Staff 2010).   
   
      
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Map showing the location of the Scott Base study site (denoted by a star) located on Hut Point 
Peninsula, Ross Island, in the Ross Sea region of Antarctica  
 
Table 1 Description, geographical, geological, and pedological characteristics of the study site   
 
 
 
 
 
 
 
 
 
 
 
 
1Scott Base climate station, installed Jan. 1999, provides continuous climate and soil climate records: 
http://soils.usda.gov/survey/scan/antarctica/ScottBase/.  2Soil Classification after Soil Survey Staff (2010); 
3Depth to permafrost from Adlam et al. (2010), calculated over eight successive summers from 1999/2000 to 
2006/2007 4Soil weathering stage after Campbell and Claridge (1975); 5Soil salt stage after Bockheim (1997);  
6Soil climatic zones after Campbell and Claridge (1969); 7Ross Sea Region climatic zones after Campbell 
and Claridge (1987) 
Site description Flat shoulder area of a hillslope comprising small terracettes.  Slope of 0-2°, aspect 135°
and landform and elevation of 41 m.a.s.l.  The site is approximately 300 m NW of Scott Base, and 50 m 
NW of the Scott Base climate station1 
GPS coordinates 77° 50' 53.3'' S, 166° 45' 37.5'' E
Parent material Weakly weathered scoriceous basalt boulders through gravel, with some granite
and sandstone gravel and sand-sized clasts
Soil classification2 Typic Haplorthel
Brief soil description 2 cm of desert pavement scoriceous gravels and cobbles, over loose stony gravelly sands.
Ice-cemented permafrost ~32 cm3.  Depth to ice-cement at time of sampling, 30 cm. 
Weathering stage 14. Salt stage 15
Soil climatic zone6 Oceanic subxerous
Ross Sea Region Moist coastal mountain; mean annual temperature -19°C, annual precipitation 188 mm
climatic zone7
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Soil sampling and experimental design  
 
Three replicate blocks (Block 1, 2, and 3) were marked out using metal pegs (Fig. 2). Each block 
was 150 cm x 75 cm and randomly assigned a control and a disturbed quadrant (75 cm x 75 cm).   
Using a sterilised trowel the top 2 cm of one half of each block was removed (to form the disturbed 
quadrant).  Replicate blocks were approximately 2 m apart and occurred on the same landscape 
unit on a flat shoulder area (0-2 degrees slope) within the overall hillslope. 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Scott Base study site, showing blocks 1 to 3.  Control quadrants are denoted by the letter “C” and 
disturbed quadrants by the letter “D” (photo taken on Day 0 after disturbance and sampling) 
 
Soil samples were collected aseptically at four depth intervals.  Depth A = desert pavement (DP) to 
2 cm, Depth B =immediately below, 2 to 5 cm depth, and Depth C = 2 to 5 cm, new surface, and 
Depth D = 5 to 8 cm immediately below the new surface (Fig. 3), on Day 0, 7, 14, 21, and 35. The 
disturbed sites were sampled twice on Day 0, immediately before disturbance (Day 0pre), and again, 
immediately after disturbance (Day 0post).    
 
 
 
 
 
 
 
Fig. 3  Schematic diagram of sampling depths in control and disturbed quadrants of each block 
Block 3 
Block 2 
Block 1 
C 
C 
C 
D 
D 
D 
Scott Base 
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In this experiment we considered Depth B of the control was equivalent material (in stratigraphic 
succession) to Depth C of the disturbed quadrant.  Depth C had been exposed at the surface by 
the removal of the top 2 cm of material.   
A composite sample of approximately 200 g was collected with a sterile spatula, from the 
disturbed and control quadrants of Blocks 1, 2, and 3; at each depth interval.  Homogenized 
samples were sieved to 2 mm and double bagged into a Whirlpak® bag (Fisher Scientific Ltd., 
Ontario, Canada), frozen at -20 °C, and transported back to New Zealand for processing.    
 
Soil bacterial community structure analysis 
 
DNA was extracted in duplicate from 1 g of soil (wet weight) through mechanical cell disruption 
using zirconium beads, phosphate buffer (100mM NaH2PO4, pH 8.0), SDS (sodium dodecyl 
sulphate) lysis buffer (100mM NaCl, 10% SDS, 500 mM Tris, pH 8.0) and chloroform after Foght et 
al. (2004).   
Polymerase Chain Reaction (PCR) was undertaken following Singh et al. (2006).  
Samples were amplified by PCR using an Eppendorf Master Cycler Gradient using bacteria primers 
63f VIC and 1087r (Applied Biosystems).  Samples were run on the MTRFLP PCR step-cycle 
programme, as follows: initial activation step of 95 °C for 15 minutes, followed by 30 cycles of a 30 
second denaturation step at 95 °C; 45 second annealing at 55 °C; and a 90 second elongation step 
at 72 °C; with a final extension step for 30 minutes at 72 °C (QIAGEN Multiplex PCR Handbook, 
02/2008).  PCR amplification products were visualised on a 1.5% w/v agarose/0.5x TBE gel (Bio-
Rad MB certified).  PCR products were purified using the QIAquick PCR Purification Kit (Qiagen), 
following the manufacturer’s instructions.  The DNA concentrations of the purified PCR products 
were quantified using a Nanovue spectrometer (GE Life Sciences).  The PCR products were 
digested with MspI and HhaI in a 30 µL reaction mixture containing 400 ng of PCR products, 
NEBuffer 4, acetylated BSA, and water.  Samples were incubated at 37 °C for 3 hours followed by 
an inactivation step at 95 °C for 15 minutes (QIAGEN Multiplex PCR Handbook, 02/2008).  The 
digests were purified using a MinElute reaction cleanup kit (Qiagen) following the manufacturer’s 
instructions, and 1 µL aliquots of each sample containing the fluorescent labelled terminal 
restriction fragments were separated using an ABI PRISM 3100 Genetic Analyser (Applied 
Biosystems). 
TRFLP profiles were produced using Gene-Mapper (version 4.0) software (Applied 
Biosystems) and terminal restriction fragments (TRFs) were quantified using the advanced mode 
and second-order algorithm.  TRF analysis was performed between 50 and 500 basepair (bp) as 
previously described by MacDonald et al. (2008, 2009), which was within the linear range of the 
internal size standard.  For microbial community analysis, two TRF peaks separated from one 
another by >1 bp were considered as distinct TRFs.  The relative abundance was calculated as a  
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proportion of the total peak height of all the TRFs in the profile.  All peaks with heights that were 
less than 0.5% of the total peak height were removed from the data before statistical analysis.  To 
condense the two subsamples for each replicate to a single value, the maximum peak height 
between the two samples was used for each TRF (Appendix 6). 
 
Ordination of microbial communities 
 
Data input into the ordination was relative amount of each individual TRF found in the soil samples 
over time, depth, and disturbance, with the Bray and Curtis (1957) metric as the measure of 
community distance. PC-Ord software (McCune and Mefford 2011) was used to determine 
directionality and correlation of gradients in the measured soil parameters.  Multi-response 
permutation analysis (MRPP), a non-parametric multivariate analysis procedure, was used to test 
the bacterial community response to disturbance (Mielke 1984). 
 
Soil chemical analyses 
 
The sampled soils (air-dried and sieved to <2 mm size) were analysed for gravimetric soil moisture, 
soil pH, soil electrical conductivity (EC), and total phosphorus using standard methods (Blakemore 
et al. 1987).   Total carbon and nitrogen were measured using a LECO FP 2000 analyser at 1050 
°C (LECO, St Joseph’s, Michigan).  All soil chemical properties were rated (as high, medium, low 
etc.) following Blakemore et al. (1987), and were the mean of two sub-samples per depth 
(Appendix 4).   
Soil pH, soil EC, moisture, total P, N and C were log(n + 1) transformed prior to analysis to 
meet assumptions of normality and homogeneity of variance.  A restricted maximum likelihood 
(REML) linear mixed model (LMM) was used to assess both time and treatment effects. Time, 
treatment and time*treatment were the fixed effects and block*time*treatment the random effect. 
The REML approach was used over a univariate repeated measures ANOVA because preliminary 
statistics indicated that treatment variance differentially varied over time (as demonstrated by 
epsilon values < 0.6).  Day, depth and day*depth interactions were considered significant at p < 
0.05. We considered p values < 0.10 marginally significant.  Comparison of depths A and C (the 
surface layers after disturbance) (Fig. 3), and between B and C (the pre-disturbance equivalent 
layers) were of interest and compared by contrast, all other comparisons were made by least 
significant difference only if the ANOVA was significant (i.e. Fishers protected LSD) at α = 0.05. 
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Results 
 
Treatment effects on bacterial community structure 
 
Ordination was used to illustrate bacterial community composition as indicated by TRFLP profiles 
(Fig 4).  Only the first two axes of ordination are presented as these accounted for most of the 
variance in bacterial community composition (Axis 1 = 60%, Axis 2 = 20%). There was no 
significant grouping of plots in the ordination space by treatment.  Permutation analysis (MRPP) 
also did not indicate significant differences between the post-disturbance surface layers (Depths A 
versus C) or the equivalent pre-disturbance sub-surface layers (Depth B vs C) (Fig 4), as the 
standard errors of the centroids overlap, but did indicate significant difference between the A and D 
(a consequence of differences in depth, p value < 0.03).  Overall the removal of the top 2 cm of soil 
did not appear to cause any major shifts in the structure of the bacterial communities over the 35 
day sampling period. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 PC-Ord ordination showing the effects of treatment (disturbance) on the bacterial community 
composition at the Scott Base disturbance trial.  The overall treatment means of each depth over time are 
shown, and centroids show the average position of the individual treatments in the ordination space.  Circles 
= Depth A, control 0-2 cm; Squares = Depth B, control 2-5 cm; Diamonds = Depth C, disturbed 2-5 cm (post-
disturbance exposure surface); Triangles = Depth D, disturbed 5-8 cm.  Depth B and C are equivalent 
depths.  Standard errors are shown   
-1.5
-1
-0.5
0
0.5
1
1.5
-1.5 -1 -0.5 0 0.5 1 1.5
Depth A Depth B Depth C Depth D
Axis 1
A
xi
s 
2
 Physical impacts and recovery rates 
 
142 
Chapter 6: Soil bacterial community 
structure and disturbance  
 
There was, however, a significant grouping of TRFs in the ordination space by block (Fig. 5).  We 
will explore the similarities and differences in soil chemical characteristics in each block and the 
effect on TRF clustering in the next section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 PC-Ord ordination of the Scott Base disturbance trial soil samples based on TRF profiles of bacterial 
community composition.   A significant ‘block effect’ of the ordination space are depicted.  Triangles = Block 
1, Diamonds = Block 2, and Circles = Block 3   
 
 
Soil chemical characteristics  
 
Soil means of measured soil parameters over all time periods for treatments and depths are 
presented in Table 2.  Soil pH and soil electrical conductivity data is presented for each individual 
block (Tables 3 and 4).   
Water content was low in all blocks and increased with depth, from 1-2% in surface 
samples to 2-3% in subsurface samples, of the treated (disturbed) and untreated quadrants.  There 
was a moistening effect from snowfall that occurred between Day 14 and Day 21, which penetrated 
to at least Depth D (8 cm below the surface).  During this time soil moisture increased from about 
1% to 9% between Day 14 and Day 21 then dried out back to background at the surface within 2 
weeks (by Day 35), but remained elevated at subsurface depths during the sampling period.  There 
was a significant time interaction for water (Table 5).  
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Table 2 Soil means over all time periods for treatment and depths.  Depth A = Control desert pavement to 2 
cm, Depth B, immediately below, 2 to 5 cm, Depth C = Disturbed 2 to 5 cm (new surface), and Depth D = 5 to 
8 cm immediately below the new surface.  Data shown are means ± standard error, and n =3.  Values with 
the same superscript letters within a row are not significantly different  
 
 
 
 
 
 
 
 
 
All samples were strongly alkaline (pH 8.8 – 10.1) and soil pH showed some slight increases with 
depth but was not consistent across all blocks (Tables 2 and 3).  Blocks 1 and 3 were slightly more 
alkaline than Block 2 (Table 3).  Depth C (disturbed) had a similar pH to the Depth B as they were 
effectively an equivalent depth (Fig. 3, Table 3).  Blocks showed some small variability in soil pH 
with time (Table 5), which could be due to sample variability with respect to salt, rather than 
treatment.   
Electrical conductivity (EC) was highly variable between blocks and with depth, and 
ranged between 0.04 mS/cm to 1.23 mS/cm (Table 4).  EC was highest in the Depth A (0-2 cm) 
samples in each block (ranging from 0.10 mS/cm to 1.23 mS/cm) and decreased with depth in all 
blocks (ranging from 0.04 mS/cm to 0.91 mS/cm) and with treatment (Tables 2 and 5).  This is 
because removal of the top 2 cm of surface material in the disturbed quadrants of each block 
effectively removed the thickness of soil which had the highest salt concentration.  Prior to initial 
disturbance on Day 0 the top 2 cm of the ‘to be’ disturbed quadrant of Block 3 had the highest EC 
of all blocks at 2.42 mS/cm.  After disturbance the top of the exposed “new surface” Depth C had 
an EC of 0.91 mS/cm; disturbance effectively removed 62% of the original salt content (and 
residing microbes in the upper 2 cm of soil).  Block 2 had the lowest EC (and lowest pH) at both 
surface and subsurface depths compared with Blocks 1 and 3.  There was a decrease in EC across 
all blocks, depths, and treatments, which coincided with snowfall between Day 14 to Day 21 
(Tables 4 and 5) and increased soil moisture.  
 
Variable
Depth A Depth B Depth C Depth D
Water (%) 3.5 (0.70)a 3.9 (0.45)b 3.5 (0.66)a 4.1 (0.46)b
pH 9.5 (0.07)a 9.6 (0.07)a 9.6 (0.12)a 9.5 (0.12)a
EC (mS/cm) 0.49 (0.09)a 0.36 (0.07)ab 0.31 (0.07)bc 0.21 (0.04)c
Organic C (%) 0.14 (0.02)a 0.13 (0.01)a 0.15 (0.01)a 0.12 (0.01)a
Total N 0.02 (0.003)a 0.02 (0.001)a 0.02 (0.002)a 0.02 (0.002)a
C/N 7 (0.34)a 7 (0.31)a 7 (0.24)a 7 (0.21)a
Total P (mg/kg) 1333 (30.30)a 1354 (37.43)a 1308 (38.18)a 1305 (34.81)a
Control Disturbed
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Table 3 pH of soil samples analysed for bacterial community composition studies (mean of two sub-samples 
at each depth and treatment)  
 
 
 
 
 
 
 
 
Table 4 Electrical conductivity (mS/cm) of soil samples analysed for bacterial community composition studies 
(mean of two sub-samples at each depth and treatment) 
 
 
 
 
 
 
 
Table 5 F-values from overall analysis of variance of soil parameters over all time periods 
 Variable Water pH EC Organic C Total N C/N Total P 
Block¹ 0.12 28.36*** 140.07*** 6.19** 14.22*** 10.82*** 1.54
Treatment 6.41** 0.22 17.18*** 1.27 1.47 0.74 0.79
Time 209.87*** 3.08^ 2.32 3.64* 0.79 1.79 59.76***
Treatment x Time 9.87*** 1.04 1.51 1.63 1.71 1.18 1.20  
Significance: ^p <0.1,*p <0.05, **p <0.01, ***p <0.001 
¹Block statistics from repeated measures ANOVA 
Preliminary statistical analysis indicated a significant "block effect" p <0.001 for EC, pH, Total C, Total N, and 
C/N; and not significant for Total P and water p >0.5 
 
Block 1 Depth A Control 9.7 9.3 9.8 9.6 9.6
Depth B Control 9.7 9.5 9.9 9.8 10.1
Depth C Disturbed 9.7 9.7 9.9 9.8 9.8
Depth D Disturbed 9.6 9.6 9.9 9.5 9.8
Block 2 Depth A Control 9.3 9.2 9.3 9.3 9.2
Depth B Control 9.3 9.4 9.2 9.2 9.2
Depth C Disturbed 9.0 8.8 9.0 9.1 8.9
Depth D Disturbed 8.8 9.0 9.1 8.9 8.9
Block 3 Depth A Control 9.7 9.6 9.7 10.1 9.8
Depth B Control 9.6 9.7 9.9 10.0 9.8
Depth C Disturbed 9.9 9.7 10.1 10.0 10.0
Depth D Disturbed 10.0 9.8 10.0 9.9 10.1
Day 14 Day 21 Day 35Soil pH Day 0 Day 7
Block 1 Depth A Control 0.35 0.35 0.45 0.18 0.57
Depth B Control 0.20 0.41 0.40 0.17 0.37
Depth C Disturbed 0.33 0.25 0.19 0.25 0.19
Depth D Disturbed 0.12 0.15 0.21 0.19 0.13
Block 2 Depth A Control 0.22 0.26 0.13 0.14 0.10
Depth B Control 0.11 0.09 0.13 0.11 0.08
Depth C Disturbed 0.08 0.06 0.07 0.08 0.04
Depth D Disturbed 0.07 0.05 0.06 0.07 0.04
Block 3 Depth A Control 1.23 1.01 1.07 0.68 0.61
Depth B Control 0.57 0.62 0.91 0.77 0.28
Depth C Disturbed 0.91 0.78 0.60 0.35 0.55
Depth D Disturbed 0.47 0.52 0.34 0.44 0.27
Day 14 Day 21 Day 35Soil EC Day 0 Day 7
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The organic C content was low (0.1% to 0.28%) and Total N was very low (0.01% to 0.04%) in all 
blocks and did not show much variation with depth, treatment, or time.  C/N ratios were low and 
ranged between 6 and 10, and did not change significantly with time or treatment.  Total P ranged 
from 1600 mg/kg to 1000 mg/kg and decreased in all blocks, and depths, over time (Table 5, p < 
0.001), but did not change significantly with disturbance.   
 
Soil chemical characteristic effects on bacterial community structure 
 
Correlation of the soil characteristics to the ordination axis showed that axis 1 scores were strongly 
correlated with the gradients of soil pH (R2 = 0.67), and EC (R2 = 0.55), and also correlated with 
organic C (R2 = 0.30) and Total N (R2 = 0.47), indicating that differences in soil pH, soil EC, and C 
and N are likely to be the drivers of bacterial community composition (Fig. 6).  Axis 2 scores 
correlated less strongly with water (R2 = 0.20), and also sampling date (R2 = 0.24) which was most 
likely driven by changes in water content.  From the bioplots (Figs. 5 and 6) it is evident that there 
is an overriding “block effect” (i.e. Block 2 differs from Block 1 and Block 3.  Block 2 R2 = 0.83) 
where heterogeneity in significant soil parameters between blocks is clustering TRFs (Fig. 5).  
From these results it can be inferred that the bacterial community structure of Blocks 1 and 3 were 
influenced by higher soil pH and higher soil salinity (EC).  The structure of the bacterial community 
of Block 2 was primarily related to lower salinity, lower pH, and slightly higher organic C (Tables 3 
and 4). 
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Fig. 6  Bioplot showing the PC-Ord ordination of the Scott Base disturbance trial soil samples based on TRF 
profiles of bacterial community composition.  The gradients of environmental variables with a statically 
significant fit, R2 >0.2, to the ordination space are depicted.  Note TRFs clustering into blocks.  Triangles = 
Block 1, Diamonds = Block 2, and Circles = Block 3   
 
 
Discussion 
 
In this study we used TRFLP analysis to investigate the immediate and short-term changes to 
bacterial community structure in response to soil surface disturbance.  We hypothesized that there 
would be a measurable difference in bacterial community composition between disturbed and 
undisturbed sites, following removal of the surface material.  However, in the time frame of the 
experiment we did not see clear changes to the structure of the bacterial communities at the study 
site.   
Given that we know the drivers of bacterial community structure are predominantly soil 
EC, soil pH, and soil moisture (Aislabie et al. 2008, 2011; Barrett et al. 2006; Yergeau et al. 2007; 
Ganzert et al. 2011; Chong et al. 2012), we would expect that a disturbance of sufficient intensity to 
affect those properties mentioned (e.g. changes to soil EC and soil moisture resulting from soil 
active layer disturbance, Balks et al. 1995), and cause a shift in bacterial community structure.  
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Furthermore, any soil disturbance that would affect ecosystem functioning at a higher level, for 
example, Ayres et al. (2008) reported declines in nematode abundance with increased surface 
compaction from human trampling, could also have an indirect effect on bacterial community 
structure (or in this case declines in nematode abundance could be due to shifts in bacterial 
diversity and abundance).  A possible reason why we did not see a shift could relate to the time 
frame of the experiment (Ayres et al. 2010; Sparrow et al. 2011) and the life-cycle of the bacterial 
communities (Schimel et al. 2007).  Schimel et al. (2007) states that damage from environmental 
stresses is usually greater when microbes are active and growing, so at certain times in an 
organism’s life-cycle they will be more vulnerable to environmental change.  The use of RNA-based 
analyses could better reflect changes in metabolically active community structure (Griffiths et al. 
2003; Yergeau and Kowalchuk 2008).  Some CO2 efflux studies have suggested that metabolic 
processes, such as respiration, are detectable and responsive to changes in environmental 
variables (Cary et al. 2010; Sparrow et al. 2011), and may be more sensitive indicators of early 
alterations in bacterial community structure following soil disturbance.  However, Shanhun et al. 
(2012) have suggested that much of the CO2 evolution from soil that correlates with changes in 
temperature and moisture is derived from abiotic changes in CO2 in soil solution, and thus microbial 
respiration may have often been overestimated.  
 
Abiotic soil factors contributing to bacterial community structure  
 
Ordination showed that the bacterial community composition at the study site correlated strongly 
with soil EC and soil pH (Fig. 6).  Although the replicate blocks were visually indistinguishable from 
one another, high local spatial variability of soil chemical properties existed at the study site and 
distinct bacterial communities were present within 2 m of one another, and within the same 
landscape unit (i.e. the ‘block effect’, R2 = 0.83).  TRF profiles showed Block 2 supported a 
bacterial community distinct from that of Blocks 1 and 3 (Fig. 5), and complementary soil chemical 
analyses revealed the biota of Block 2 were residing in soil which had an order of magnitude lower 
EC and lower pH than Blocks 1 and 3 (Tables 3 and 4).  High local spatial variability in soil 
distribution is a common feature in Ross Sea region soils (McLeod 2012).  As a consequence, high 
local spatial variability in environmental parameters, such as soil organic matter, salinity, and local 
moisture, at 10-500 m scales have been shown to influence microbial community abundance and 
diversity (Barrett et al. 2004; Brinkmann et al. 2007; Chown and Convey 2007; Engelen et al. 2008; 
Chong et al. 2009; Ball and Virginia 2012).  Studies by Aislabie et al. (2008, 2012) supported this 
observation and found that the composition of bacterial communities in Ross Sea region soils 
tended to be more similar from the same site and differ by geographic location (Aislabie et al. 
2012); as soil clone libraries revealed that community composition could be discriminated on the 
basis of soil properties (Aislabie et al. 2008).   
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 The local variation in salt content within the study site, and the ability for local bacterial 
communities to tolerate osmotic stress is likely to account for some of the distinct community 
structure differences observed across the blocks.  Bacteria can be sensitive to the concentration of 
soluble salts in soils which can also be influenced by repeated and rapid wetting and drying cycles 
associated with snowfall events (Table 4).  Studies by Ayres et al. (2010) have shown that topsoil 
salinity can fluctuate with snow accumulation and melt, which along with associated changes to soil 
moisture was reflected in changes in dominant species of soil nematodes.  Ball and Virginia (2012) 
observed a similar trend of highly variable soil characteristics coinciding with proximity to 
sometimes small scale, discontinuous seep patches (a product of melt water pulses from 
permafrost, glaciers, and snow patches).  Studies by Ball et al. (2011) and Ball and Virginia (2012) 
suggest that the nearby McMurdo Dry Valleys have recently experienced several discrete warm 
events.  Warmer temperatures result in increased availability of liquid water, which in turn can 
redistribute salts and affect biological communities and biogeochemical cycling.  Ball and Virginia 
(2012) found EC and pH in particular were significantly influenced by position along the seep patch 
transects, and EC was significantly higher towards the middle of the patch and at the soil surface.  
The decline in surface and subsurface soil EC between Day 14 to Day 21, observed across all 
blocks, was most pronounced in the surface of the more saline Blocks 1 and 3, and was less 
pronounced in Block 2, likely due to lower background salt concentrations.  As soils dry back down 
after a wetting event, microbes can encounter additional stress as water potentials decline, salts 
can concentrate, and cells must accumulate solutes to reduce their internal water potential to avoid 
dehydrating and dying (Harris 1981).  The spatial variability in salt concentration evident across the 
blocks is potentially the result of a number of microtopographic variations including effects of 
uneven distribution of surface rocks on shading, hence evaporation and salt accumulation, 
moisture movements, and trapping of windblown snow.  Any of these factors could account for the 
differences seen in soil EC and pH and thereby may influence habitat suitability over short 
distances. 
 
Heterogeneity 
 
Local scale heterogeneity in measured soil parameters made it difficult to determine the 
communities’ response to the simulated disturbance.  Limitations in the design of this experiment 
included the number of replicate blocks and the length of the sampling period.  Both limitations 
were governed by the opportunistic nature of this experiment and limited time at Scott Base.   
 There is a question whether or not the one-off, low level, disturbance simulated in this 
experiment was of sufficient intensity to cause a shift in bacterial community structure at the study 
site.  Inherently, the larger the perturbation outside natural environmental variations, the larger the 
stress on the biotic system, which may or may not have the ability to quickly adapt to the new  
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conditions and avoid local decimation.  Previous studies by Campbell et al. (1994) at Marble Point 
and in the vicinity of Scott Base (Balks et al. 1995) have shown moderate disturbance from 
earthworks and construction activities disturbed underlying permafrost, and resulted in lowering of 
the surrounding ground surface (by up to 10 cm in one year, Balks et al. 1995), slumping, and 
release of salts that were contained within the permafrost.  At Marble Point Campbell et al. (1994) 
observed salt efflorescences on surfaces disturbed during earthworks carried out in the 1958/59 
summer; which were still visible some 40-years after the initial disturbance (and on sampling had a 
soil EC of 1.6 mS/cm in the top 2 cm of the soil surface, 40-years on).  We would propose that any 
moderate intensity disturbance, capable of modifying soil moisture and releasing soluble salts into 
biological communities resident in the near-surface environment is likely to have a negative and 
measurable impact on the local community. 
 A longer term experiment would eliminate those soil parameters which showed temporal 
fluctuations over the 35 day sampling period, such as water content, which were influenced by 
snowfall events.  At present any small changes we observed over the short sampling period may 
simply reflect variation in response to another factor, rather than the response to the simulated 
surface disturbance.  Soil sampling over a longer period of time may eliminate this uncertainty and 
also ensure the complete life-cycle of the community was represented.  An example by Ayres et al. 
(2010) undertaking long term snow accumulation experiments in the McMurdo Dry Valleys saw a 
clear shift in the dominant nematode species over and above the local temporal variations in soil 
moisture associated with snow fall and snow melt.  A further investigation by Sparrow et al. (2011) 
showed that the response of the soil microbial community to addition of C and N substrates, 
although detectable, was slow and only apparent after two years. 
 
Conclusions 
 
The simulated disturbance (removal of the top 2 cm of soil) at the Scott Base experimental site did 
not cause any major shifts in the structure of the bacterial communities over the 35 day summer 
sampling period.  TRFLP analysis revealed that the soil replicate blocks investigated supported 
distinct bacterial communities; and the composition of communities reflected the different spatial 
variability in soil physiochemical properties of the blocks.  Soil EC and pH strongly correlated with 
TRFLP patterns and can be inferred as the most important factors controlling bacterial composition 
at the study site.  Our data highlights the importance of local scale heterogeneity in structuring soil 
bacterial communities, and that distinct communities are possible within 2 m of one another, and 
within the same landscape unit.  Given the current knowledge of the drivers of bacterial community 
structure, i.e. soil EC, soil pH, and soil moisture content, we expect a disturbance of sufficient 
intensity to affect those properties mentioned, will cause a shift in bacterial community structure, 
over and above the time frame measured in this experiment.  A more rigorous follow-up 
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investigation incorporating DNA-RNA-based analyses and CO2 efflux studies over a time frame of 
2-3 years would lead to a greater understanding of the effects of soil disturbance on bacterial 
communities. 
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Abstract 
The objective of this research was to record the number of people using the 
Ross Island recreational walking tracks, and to examine the relationships 
between the number of users, track morphological characteristics, and soil 
physiochemical properties.  Infrared track counters provided 2-years of data 
on five walking tracks on Ross Island in the Ross Sea region of Antarctica.   
Track width and track incision were measured and soil sampling was 
undertaken in the vicinity of the track counter and an adjacent control site.   
 Between January 2009 and January 2011 5084 passes were recorded 
on the Scott Base to McMurdo Station walking track, 2842 on the Wind Vane 
Hill walking track, 3561 on the Round Observation Hill walking track, 10936 
on the Up Observation Hill track, and 693 on the Crater Hill summit walking 
track.  There were more users on all tracks in the 2010/2011 summer season 
than the 2009/2010 summer season.  The highest frequency of visitors 
occurred on Sundays during the summer (November to January).   There 
was no relationship between the number of passes on the track and the 
measured impact indicators indicating that higher usage of a formed track 
had little cumulative impact.   Track width and incision were related to the 
slope of the terrain, with tracks traversing flatter areas generally wider (R2 = 
0.85) and less incised (R2 = 0.96), than those traversing steeper hillsides.  Soil 
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bulk density was higher in the walking tracks than adjacent control areas (p 
<0.05).  
  
 
Introduction 
Walking tracks are a fundamental part of recreation zones in wilderness 
areas, providing recreation opportunities, access, as well as resource 
protection by concentrating visitor flow (Hill and Pickering 2009), 
controlling erosion, and limiting damage to flora, fauna, and places of 
heritage and cultural importance.  A walking ‘track’, as defined in this study, 
is an area of continuous bare-ground which forms a pathway and which is 
formed by foot traffic.  The term “track”, as used in this study, is analogous to 
the use of ‘trail’ in other studies.  In environmentally sensitive areas, such as 
Antarctica, the balance between maintaining an areas inherent ecological 
qualities and allowing the public to enjoy these qualities through recreational 
activity is delicate. 
  Science and tourism in Antarctica has seasonal visitation patterns 
with a sudden influx of visitors over the austral summer.  The most popular 
sites, such as Deception Island and Half Moon Island in the Antarctic 
Peninsula, have up to 20,000 visitors over the summer season (IAATO 2011).  
In the Ross Sea region, although visitor numbers are fewer and the tourist 
season is shorter (between November and February) each year there are 
increasing visitor numbers (Antarctica New Zealand 2012).  Scott’s Terra 
Nova Hut at Cape Evans, for example, is visited by approximately 1100 
people annually (Antarctica New Zealand 2012). About 70% of visitors to 
Cape Evans are United States Antarctic Programme (USAP) and New Zealand 
Antarctic Programme (NZAP) personnel, the remainder are ship-based 
tourists.   
The study of impacts from recreational use of environmentally 
sensitive or protected areas is referred to as recreation ecology (Liddle 1997; 
Hammitt and Cole 1998; Leung and Marion 2000; Newsome and others 
2002).  Early recreation ecology research focussed on describing readily 
observable impacts of hiking and camping, particularly soil and vegetation 
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loss and change.  Common impacts from walking track use include (Hill and 
Pickering 2009): 
 
 Soil: compaction, loss of organic matter, loss of soil, reduction in 
moisture and microbial activity;   
 Vegetation: reduced height, loss of ground cover, loss of fragile 
species, increase in resistant species and introduction of non-native 
species, exposed roots; 
 Wildlife: habitat alteration, habitat loss, introduction of non-native 
species, modification of behaviour, reduced reproduction; 
 Track erosion (track deepening) resulting in rutted tracks, conduits 
for water and soil transport, thereby accelerating soil erosion; 
 Track widening: common when users spread laterally to avoid wet, 
muddy, or icy areas; and 
 Proliferation of unplanned or subsidiary walking tracks to access 
lookout points or take shortcuts. 
 
Impacts are affected by season of use, rainfall, and topography, such as slope 
and aspect (Hill and Pickering 2009).   
Few studies into the impacts of recreational walking tracks and 
camping on the terrestrial environment have been conducted in Antarctic 
and sub-Antarctic environments.  Scott and Kirkpatrick (1994) investigated 
the effects of human trampling on the sub-Antarctic vegetation on Macquarie 
Island; and Gremmen and others (2003) also noted trampling impacts on 
plants on sub-Antarctic Marion Island.  Impacts varied according to 
vegetation and soil types, but impacts in both studies included track 
widening and soil compaction.  Ayres and others (2008) investigated the 
impacts to soil fauna (nematodes) in the Taylor Valley of the McMurdo Dry 
Valleys under low, intermediate, and high levels of human foot traffic.  Ayres 
and others (2008) noted decreased abundances of the dominant nematode in 
heavily used walking tracks, compared with tracks experiencing lower levels 
of use.  Trampling on vegetation-free soils in the South Shetland Islands in 
the Antarctic Peninsula led to increases in soil compaction and decreases in 
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the abundance of soil arthropods (Tejedo and others 2005, 2009).  Campbell 
and others (1998a) measured the rate at which tracks formed at three sites 
in the Ross Sea region by walking along a set route a set number of times, and 
observing changes in the nature of the surface.  A clear walking track formed 
in as few as 20 passes on soft fine-textured materials and impacts were non-
linear, with most impacts occurring in the initial stages of the trampling 
experiment (Campbell and others 1998a). 
The Ross Sea region of Antarctica offers a range of outstanding natural 
features of interest to visitors.  The recreational walking tracks on the ice-
free southern tip of Hut Point Peninsula, and the walking track to a lookout 
over Scott’s Terra Nova Hut at Cape Evans, are popular with visitors to Ross 
Island.  Personnel working in the vicinity of Scott Base and McMurdo Station 
are able to access the nearby walking tracks during their recreational 
periods.  The USAP promotes use of the walking tracks by way of information 
booklets for users of the Round Observation Hill and Up Observation Hill 
walking tracks (close to McMurdo Station) The booklets provide information 
on the geology and the views on the track.  The Ross Island walking tracks 
are visible in the landscape; however, little is known about the effects of 
visitor use on soil physiochemical characteristics.  
 
The objectives of this study were to investigate:  
 The number of people using the Ross Island recreational walking 
tracks; 
 The impact human trampling has on the soil physiochemical 
properties of the walking tracks; 
 and impacts in varying local environments  
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Study area 
Environmental setting and history 
Ross Island is dominated by basaltic volcanoes (Mount’s Erebus, Bird, and 
Terror) with the foot-slopes near the coasts comprised of lava fields and 
scoria cones.  The study investigated five walking tracks at two localities on 
Ross Island: four walking tracks around the Hut Point Peninsula (the Scott 
Base to McMurdo Station, Up Observation Hill, Round Observation Hill, and 
Crater Hill summit, walking tracks), and one walking track on Wind Vane Hill, 
Cape Evans (Fig. 1).  Cape Evans is a small, triangular-shaped ice-free area in 
the southwest of Ross Island, 10 km southeast of Cape Royds and 22 km 
northwest of Hut Point. 
 The five walking tracks occurred on gently undulating to steep lava 
flows, and were formed on weakly weathered (and comparatively young) 
scoriaceous basalt- dominated till and scoriaceous basalt bedrock.  Soils at 
each locality are classed as Typic Haplorthels (Soil Survey Staff 2010) and 
contained ice-cemented permafrost.  Soils were generally coarsely textured, 
loose, and alkaline with very low organic matter contents (Campbell and 
Claridge 1987; Balks and others 2002; Aislabie and others 2004).  The 
surface deposits and soils were unweathered (weathering stage 1 of 
Campbell and Claridge 1975), and salt stage 1 (Bockheim 1997), indicative of 
their comparatively young age.  The mean annual air temperature at the 
study localities was approximately -16° C (from USDA, Natural Resources and 
Conservation Center 
http://soils.usda.gov/survey/smst/antarctica/ScottBase/2010/); however 
during the continuous daylight of the summer months, air temperatures were 
within the range of -7 to +10° C, and surface soil temperatures can reach 20° 
C (Balks and others 2002).  Ross Island soils have a subxerous moisture 
regime (wet for short periods during snow thaw) and are subject to 
moderate snowfalls (an average of seven snow fall events per month during 
summer (Campbell and others 1998b).  Wind activity is a driver of surface 
processes; however, in late spring and summer, liquid melt-water occurs 
which facilitates a range of weathering, leaching, erosion, and freeze-thaw 
processes.
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Fig. 1.  Map showing the location of the Ross Island recreational walking tracks.  1 = Scott 
Base to McMurdo Station walking track; 2 = Up Observation Hill walking track; 3 = Round 
Observation Hill walking track; 4 = Crater Hill summit walking track; 5 = Wind Vane Hill 
walking track, 22 km north at Cape Evans. 
 
Occupation of Hut Point Peninsula began in 1902 with the arrival of 
Scott’s Discovery Expedition (Tin and others 2009).  The ice-free southern tip 
of the peninsula is occupied by New Zealand’s Scott Base (est. 1957) and the 
United States of America’s McMurdo Station (est. 1956).  Permanent and 
continuous occupation of the area has occurred since the late 1950s 
(Kennicutt II and others 2010).  Antarctica’s largest station, McMurdo 
Station, has a winter population of about 200 and has a capacity for 1,100 
people in summer (Tin and others 2009).  Nearby Scott Base has a winter 
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population of about 10, and can accommodate about 85 people in the 
summer (Waterhouse 2001).   
 
Visitor attractions   
Observation Hill is a topographic high between McMurdo Station and Scott 
Base (Figs. 1, 2a).  The first ascents of Observation Hill occurred about 1902 
by members of Scott’s Discovery Expedition.  Scott’s team’s daily ascent of 
Observation Hill as they waited for their leader to return from the South Pole 
in 1912 would have initiated the development of present day ‘Up 
Observation Hill’ walking track.   
Cape Evans is the site of Scott’s Terra Nova Hut (est. 1911); the largest 
of the historic huts. The first ascent of Wind Vane Hill is likely to have 
occurred during Scott’s first visit to Cape Evans around 1902 (Fig. 2c).  
Nowadays the Wind Vane Hill track is used by tourists visiting Scott’s Terra 
Nova hut, and staff of USAP and NZAP.  The walk between Terra Nova hut and 
the Wind Vane Hill lookout takes approximately 5 minutes.   
Walking routes around Observation Hill (Fig. 2a,b), and the short-cut 
walking track between Scott Base and the road to McMurdo Station (Fig. 2d), 
are likely to have been first walked in the late 1950s during construction of 
Scott Base and McMurdo Station.  An effort was made in the late 1990s-early 
2000s to formalise the Scott Base to McMurdo Station walking track to keep 
people to one route.  Large stones were cleared off the track and repositioned 
along the track margins to make a clearly defined walking track.  Prior to that 
the whole area between Scott Base and the vehicle road to McMurdo Station 
was trampled, and multiple branches of informal tracks had formed.  The 
route between Scott Base and the road to McMurdo Station takes 
approximately 10 minutes.   
The Up Observation Hill and Round Observation Hill walking tracks 
comprise the ‘Ross Island Trail System’, which was opened officially on 27 
December 2006.  Prior to the official opening there were several informal 
tracks around Observation Hill.  USAP staff used shovels to form an 
identifiable track and flagged cairns at locations where additional markers 
were required (J. Heil, Contractor, United States Antarctic Program, personal  
 Physical impacts and recovery rates 
 
168 
Chapter 7: Ross Island walking tracks  
 
communication, 3 May 2012).  The Up Observation Hill walk takes between 
20-30 minutes one-way; and the Round Observation Hill loop walk 90-120 
minutes return.   
The Crater Hill summit route (Fig. 2e) had been walked for a number 
of decades; however in the summer of 2007/2008 a visiting New Zealand 
scout group formalised the route using marker flags from Scott Base to the 
summit of Crater Hill (J. Newman, Environmental Advisor to Antarctica New 
Zealand, personal communication, 3 May 2012).  The Crater Hill track is 
regularly walked by NZAP participants.  The Crater Hill summit route takes 
60-90 minutes return.    
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Fig. 2.  Walking tracks in this study.  (a) Up Observation Hill; (b) Round Observation Hill; (c) 
Wind Vane Hill, Cape Evans; (d) Scott Base to McMurdo Station road; (e) Crater Hill summit 
route. 
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Materials and methods 
Infrared track counters 
Infrared track counters (TRAFx, Canmore, Canada) were deployed to monitor 
visitor use over a two year period between the austral summers of 
2008/2009 and 2009/2010.  The monitor registers a pass-by event (i.e. a 
walker passing regardless of direction of travel) when the scope detects the 
warm moving object, the visitor count is recorded on the memory unit.  Each 
pass-by event was date and time stamped accurate to the minute.   
Track counters were installed in the first week of January 2009 at five 
walking tracks on Ross Island (Table 1).  Track counters were hidden 
amongst mounds of rock material to prevent interference by track users 
(Figs. 3a, b).  Care was taken to minimise counting errors by positioning the 
counters in areas out of direct sun strike, heavy snow accumulation, and at 
locations on the tracks where users were forced to walk in single-file.  
Counters were placed 1-3 m back from the track (well within the maximum 
detection distance of 6 m).  A 1.5-second delay between counts was 
configured to ensure a single user could not be counted multiple times, or a 
slow user would not be double-counted.  Data from the track counters were 
uploaded directly in the field onto a laptop via the TRAFx G3 Dock (TRAFx, 
Canmore, Canada), then imported into Microsoft Excel using the add-on 
TRAFx Reporter v7.1.   
  
 
Table 1.  Location of Ross Island track counters and general characteristics of the track 
counter site. 
 
 
 
 
 
 
    Hut Point Peninsula
1.  Scott Base-McMurdo Station 77° 50' 50.6'' S, 166° 44' 52.0'' E 77 3° N 6.1.2009 - 31.1.2011
2.  Up Observation Hill 77° 51' 04.5'' S, 166° 41' 24.6'' E 161 20° SW 6.1.2009 - 31.1.2011
3.  Round Observation Hill 77° 51' 07.7'' S, 166° 42' 19.0'' E 72 2° NNE 7.1.2009 - 31.1.2011
4.  Crater Hill Summit Track 77° 50' 38.7'' S, 166° 45' 14.3'' E 144 10° NE 12.1.2009 - 15.1.2010
    Cape Evans 
5.  Wind Vane Hill 77° 38' 13.1'' S, 166° 25' 09.3'' E 15 15° E 9.1.2009 - 31.1.2011
Track Counter GPS location Elevation (m) Dates of recordSlope Aspect
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Track counters were calibrated by a series of tests and via direct 
observation in the field on two separate occasions in December 2009 
and January 2010.  Direct observations were recorded over an hour 
on a weekend day at each of the track counter locations (except at the 
Wind Vane Hill track due to inaccessibility) to check the accuracy of 
the automated visitor count.  The calibration exercise was repeated 
approximately 6 weeks later.  Visitor counts matched with direct 
observations on both occasions.  It is possible that two people walking 
less than 1.5 seconds apart were counted as one.  We therefore 
consider our results as best estimates of minimum counts.  People 
using tracks that were one-way, up-and-back were counted twice.  In 
this paper we report the track counter data as the number of passes 
on the track i.e. the number of counts, as our focus is the impacts 
which are a function of the number of passes along a track, and 
irrespective of the actual number of users. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. The Up Observation Hill track counter (a) location of TRAFx counter (oval); (b) TRAFx 
track counter scope discretely hidden amongst rock (arrow). 
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Track survey  
Impact indicators  
A survey was undertaken where the extent and severity of selected impact 
indicators were assessed at three representative locations along each track.  
Evidence of track incision and track widening were measured and recorded 
in year one and year two to assess cumulative impacts from track use.  Track 
incision was measured as the current incision below the original surface (i.e. 
the mean distance measured along a perpendicular transect of the walking 
track, including incision measurements of the middle and sides of the track). 
 As the study area is free of macro-vegetation, track width was defined 
as the area visibly affected by trampling (track incision), and with a visible 
colour difference between the track and surrounding undisturbed material.  
Track width and track incision were measured together at 15 locations along 
each track (5 replicates at the lower, less unconfined part of the track; 5 
replicates at the upper, better confined part of the walking track; and 5 
replicates at a mid-way point along the track, at the infrared track counter), 
and repeated in year two at the same sites, relocated using GPS.  
 
Soil sampling 
In 2009/2010 soil samples (about 500 g) were collected at depths of 0 to 2 
cm and 2 to 5 cm at each of the walking tracks, and adjacent relatively 
undisturbed areas.  Soil sampling took place at the track counter, 1 m down-
track of the counter, and 3 m down-track of the counter.  Where the substrate 
was not too rocky, soil bulk density measurements were undertaken using 
the sand replacement technique at the track counter and nearby control (two 
replicates at each).  Soil samples were analysed for water content then air-
dried and sieved to <2 mm size.  Samples were analysed for soil pH, electrical 
conductivity (EC), and total phosphorus using standard methods (Blakemore 
and others 1987).  Total organic carbon and nitrogen were determined in a 
LECO FP 2000 analyser at 1050°C (LECO, St Joseph’s, Michigan).  
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Statistical analysis 
Paired, two-tailed T-tests (Microsoft Excel v. 2007) were used to determine if 
there was a statistical difference between track width and incision values in 
year one and year two of the investigation.  T-tests were also used to 
determine if soil physiochemical characteristics were statistically different 
between the walking track and adjacent control sites.  The R2 statistic was 
calculated to determine the relationship between track width, incision, track 
slope, and the number of passes recorded on the individual walking tracks. 
 
Results 
Track use monitoring 
Over the 2-year monitoring period (Table 1) the total number of passes 
recorded on the Scott Base to McMurdo Station walking track were 5084; 
10936 on the Up Observation Hill track; 3561 on the Round Observation Hill 
track; 693 on the Crater Hill summit track; and 2842 counts on the Wind 
Vane Hill track (Table 2). The Crater Hill track was monitored for only 52 
weeks.  
Annual counts (given as Year 1: calendar year from 1 Feb 2009 to 31 
Jan 2010, and Year 2: calendar year from 1 Feb 2010 to 31 Jan 2011) are 
shown in Table 2.  At all tracks the peak months were consistently November, 
December and January (Table 2; Fig. 4).  In Year 1, track use in the summer 
months accounted for 67% of the total number of passes on the Scott Base to 
McMurdo Station track, 75% of the total counts on the Up Observation Hill 
track, 82% on the Round Observation Hill track, and 65% on the Wind Vane 
Hill Track.  In Year 2 the proportion of total counts attributed to summer use 
increased at all tracks, to 84% at the Scott Base to McMurdo Station track, 
86% at the Up Observation Hill track, 90% at the Round Observation Hill 
track, and 97% at the Wind Vane Hill track.  The large increase in summer 
use at the Wind Vane Hill track can be attributed to the 2009 visitor season 
extending into the month of February and beginning in October in 2009, and 
starting later in 2010.   Use declined at all tracks between late February and  
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March each year, and the Scott Base to McMurdo Station track was the only 
track regularly used over the winter (Fig. 4).  Use began to rise again in 
October 2009 in Year 1, and early November 2010 in Year 2, again peaking in 
December and January of each year.  There were differences in the level of 
weekday use, with the highest numbers of users recorded at the weekends 
and particularly on Sundays (Table 2).  Other days when a high level of track 
use was recorded were Fridays and Saturdays.. 
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There were nine occasions during the 2-year monitoring period where 
counts at the Wind Vane Hill track exceeded 85 passes.  The highest of these 
occurred on 22 December 2009 (373 passes) (Table 3).   Early summer 
visitor number peaks in November and early December corresponded to 
recreation trips run for NZAP and USAP personnel (J. Newman, 
Environmental Advisor to Antarctica New Zealand, personal communication, 
3 May 2012) (Fig. 5).  Visitor number peaks occurring in late December, 
January, and February corresponded to Quark, Heritage, and Orion, 
expedition visits (Table 3) (tourism data from Antarctica New Zealand 2012).   
 
Table 3.  Peak days, track counter data, and visitor origin at the Wind Vane Hill walking 
track, Cape Evans. 
 
 
 
 
 
 
 
 
 
 
Track survey 
Impact indicators 
The Scott Base to McMurdo Station walking track was the widest of the five 
Ross Island walking tracks with a mean width of 1.23 m (average of Year 1 
and Year 2), followed by the Round Observation Hill walking track at 1.21 m, 
and the Crater Hill walking track at 1.08 m wide (Table 4).  The Wind Vane 
Hill (0.96 m) and Up Observation Hill (0.92 m) walking tracks were of a 
similar width.  There was a significant change in track width across the two 
year monitoring period at the Crater Hill track and the lower Round 
Observation Hill track (Table 4).  Track width increased in year two at lower, 
Track counter
no. of  passes
24 February 2009 178 Heritage Expeditions (55 passengers)
7 November 2009 109 US/NZ personnel (Saturday)
22 December 2009 373 Quark Expeditions (122 passengers)
24 January 2010 219 Orion Expeditions (106 passengers)
14 November 2010 108 US/NZ personnel (Sunday)
21 November 2010 93 US/NZ personnel (Sunday)
28 November 2010 87 US/NZ personnel (Sunday)
20 December 2010 283 Quark Expeditions (120 passengers)
28 January 2011 94 Heritage in the Footsteps of Scott 
(59 passengers)
Date Visitor origin
179 
 
Physical impacts and recovery rates  
 
Chapter 7: Ross Island walking tracks  
 
upper and track counter areas of the Crater Hill track (p <0.05), and in the 
lower and less confined part of the Round Observation Hill track (p <0.05).   
Track incision ranged from 2 to 8 cm and there was little change in 
track incision over the monitoring period at all tracks except the Crater Hill 
walking track (Table 4).  At the Crater Hill track counter site there was an 
increase (p <0.05) in track incision from 5 cm below the original surface to 8 
cm below the original surface in year two.  The Round Observation Hill and 
Scott Base to McMurdo Station tracks have the lowest incision measurements 
(4 cm), whilst the Crater Hill upper track and upper part of the Up 
Observation Hill track had the highest, at 8 cm below the original surface.   
The average slope of the Scott Base to McMurdo Station track was 4°, Up 
Observation Hill track, 25°, the Round Observation Hill track, 2°, Crater Hill 
summit track, 12°, and the Wind Vane Hill track, 14° (Table 4).   
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Table 4.  Track width, slope, and incision measurements of Ross Island recreational walking 
tracks, repeated over two consecutive years (summers of 2008/2009 and 2009/2010).  
Bolded values have p-values <0.05.  *Width and incision measurements at the lower, upper, 
and track counter locations are means of five replicates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Soil sampling 
Gravimetric water content was low to moderate and increased with depth 
from 1-7% at 0-2 cm to 2-12% at 2-5 cm depth (Table 5).  The control 
samples of all tracks (except Wind Vane Hill), tended to have higher water 
contents than the track samples.  Comparatively high moisture contents in 
Lower Upper Track Mean Overall 
Track Track Counter Std. Dev. Track Av.
Track Y1 1.38 0.89 1.42 0.26 1.23
Width* (m) Y2 1.40 0.85 1.45 0.29 1.23
Track Y1 0.04 0.03 0.06 0.01 0.04
Incision* (m) Y2 0.04 0.04 0.06 0.01 0.04
Track Slope (deg.º) 1-3 5-8 3 2.06 4
Track Y1 1.19 0.82 0.75 0.20 0.92
Width* (m) Y2 1.21 0.81 0.75 0.21 0.92
Track Y1 0.06 0.08 0.07 0.01 0.07
Incision* (m) Y2 0.07 0.08 0.07 0.01 0.07
Track Slope (deg.º) 15-18 >35 20 10.20 25
Track Y1 1.45 1.20 0.94 0.22 1.19
Width* (m) Y2 1.50 1.22 0.95 0.23 1.22
Track Y1 0.03 0.03 0.04 0.01 0.04
Incision* (m) Y2 0.03 0.04 0.04 0.01 0.04
Track Slope (deg.º) 1-3 1-3 2 0.78 2
Track Y1 1.45 0.64 1.02 0.34 1.04
Width* (m) Y2 1.55 0.63 1.15 0.39 1.11
Track Y1 0.02 0.07 0.05 0.02 0.05
Incision* (m) Y2 0.02 0.08 0.08 0.03 0.06
Track Slope (deg.º) 2-5 20-25 10 8.47 12
Track Y1 1.03 0.95 0.90 0.06 0.96
Width* (m) Y2 1.05 0.95 0.92 0.07 0.97
Track Y1 0.05 0.05 0.05 0.00 0.05
Incision* (m) Y2 0.05 0.05 0.05 0.01 0.05
Track Slope (deg.º) 10-12 15-18 15 2.50 14
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the Round Observation and Up Observation Hill track and control sites were 
likely to be due to sampling taking place shortly after a snowfall event.  
Soil samples were strongly alkaline (pH 8.4 – 9.7) and soil pH showed 
some increases with depth but was not consistent across all walking tracks.  
The Scott Base to McMurdo Station, Round Observation Hill, and Crater Hill 
walking tracks were more alkaline than the Wind Vane Hill and Up 
Observation Hill walking tracks.   
Electrical conductivity (EC) was variable between tracks, controls, 
and with depth, and ranged between 0.04 mS/cm to 1.05 mS/cm (Table 5).  
EC was highest in the top 2 cm of all tracks and control samples and 
decreased with depth.  EC was consistently higher in the top 2 cm of the 
control samples at four of the five walking tracks (ranging from 0.14 mS/cm 
to 1.05 mS/cm); with the exception of the Up Observation Hill walking track, 
where it was noted on sampling that natural salts were concentrated on the 
track and not the control. 
The organic C content was low (0.02% to 0.11%) in all tracks and 
controls.  There was no change in organic C within the top 5 cm of soil.  Total 
N was consistently very low (0 – 0.02%) in all samples and depths.  C:N 
ratios were low and ranged between  3 and 19.  Track and control samples 
had similar C:N ratios, however, the Up Observation Hill track samples had 
higher C:N ratios  (C:N of 19) compared with the adjacent control samples 
(C:N of 7).  Total P ranged from 510 mg/kg to 1221 mg/kg and was highest in 
the Scott Base to McMurdo Station track and control, and lowest in the Up 
Observation Hill track and control.  There was no consistent change in total P 
with depth, or difference between track and control samples.  Soil dry bulk 
density ranged from 1.01 g/cm3 to 1.74 g/cm3 (Table 5).   
T-tests showed no significant differences between the measured 
physiochemical properties of a track and adjacent control samples, except for 
bulk density (p <0.05).  The walking tracks had a higher dry bulk density 
than the adjacent control sites, except at Crater Hill where bulk density was 
about the same in the track and control (Table 5).     
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Table 5.  Soil physiochemical characteristics at track counter sites on the Ross Island walking 
tracks. *EC = electrical conductivity.  Measurements are the mean of three samples (at the 
track counter, 1 m and 3m down track of the counter).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Water Soil Soil Organic Total C/N Total Bulk
Walking Track Content pH EC* C N ratio Kjeldahl P Density
(% dry wt) (water) (mS/cm) (%) (%) (mg/kg) (g/cm3)
Scott Base-McMurdo - Track
0-2 cm 3.3 9.7 0.18 0.05 0.01 7 1156
Standard Deviation 1.6 0.1 0.04 0.01 0.00 1 128
2-5 cm 6.1 9.7 0.12 0.05 0.01 6 1117 1.32
Standard Deviation 1.0 0.0 0.00 0.00 0.00 0 72 0.08
Scott Base-McMurdo - Control
Desert Pavement-2 cm 2.4 9.4 0.77 0.10 0.02 6 1131
Standard Deviation 0.4 0.4 0.11 0.01 0.00 0 144
2-5 cm 3.7 9.6 0.40 0.11 0.02 7 1221 1.01
Standard Deviation 0.5 0.1 0.01 0.01 0.00 0 129 0.09
Up Ob Hill - Track
0-2 cm 3.5 8.9 0.22 0.03 0.00 18 510
Standard Deviation 0.5 0.2 0.08 0.00 0.00 7 37
2-5 cm 6.0 8.8 0.11 0.03 0.00 19 549
Standard Deviation 0.9 0.1 0.01 0.00 0.00 12 92  - 
Up Ob Hill - Control 
Desert Pavement-2 cm 6.7 8.5 0.04 0.08 0.01 7 703
Standard Deviation 0.7 0.1 0.01 0.00 0.00 0 96
2-5 cm 6.6 8.4 0.03 0.05 0.01 9 681
Standard Deviation 0.7 0.0 0.00 0.00 0.00 0 114  - 
Round Ob Hill -Track 
0-2 cm 7.1 9.0 0.04 0.03 0.00 8 899
Standard Deviation 0.9 0.0 0.00 0.00 0.00 3 155
2-5 cm 10.4 9.0 0.04 0.04 0.01 8 1068 1.74
Standard Deviation 0.6 0.0 0.00 0.00 0.00 2 110 0.21
Round Ob Hill - Control
Desert Pavement-2 cm 7.7 9.6 0.28 0.05 0.01 8 1047
Standard Deviation 0.1 0.0 0.00 0.01 0.00 1 100
2-5 cm 11.7 9.3 0.10 0.05 0.01 9 1009 1.08
Standard Deviation 1.3 0.0 0.01 0.00 0.00 0 47 0.09
Crater Hill - Track
0-2 cm 1.0 9.4 0.16  -  -  -  - 
Standard Deviation 0.0 0.0 0.01  -  -  -  - 
2-5 cm 3.0 9.5 0.09  -  -  -  - 1.51
Standard Deviation 0.1 0.0 0.01  -  -  -  - 0.10
Crater Hill - Control
Desert Pavement-2 cm 1.9 9.6 1.05  -  -  -  - 
Standard Deviation 0.0 0.1 0.02  -  -  -  - 
2-5 cm 4.2 9.4 0.49  -  -  -  - 1.54
Standard Deviation 0.1 0.1 0.03  -  -  -  - 0.08
Wind Vane Hill - Track
0-2 cm 2.8 9.1 0.16 0.02 0.01 3 763
Standard Deviation 0.5 0.2 0.05 0.00 0.00 1 91
2-5 cm 5.2 9.3 0.05 0.02 0.01 4 845 1.21
Standard Deviation 0.3 0.0 0.00 0.00 0.00 1 225 0.11
Wind Vane Hill - Control
Desert Pavement-2 cm 1.9 9.2 0.14 0.01 0.00 3 669
Standard Deviation 0.2 0.1 0.02 0.00 0.00 1 106
2-5 cm 3.7 8.9 0.09 0.02 0.01 5 632 1.11
Standard Deviation 0.3 0.3 0.04 0.01 0.00 3 164 0.10
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Discussion 
Recreational walking track users 
Annual data showed a higher number of users on all tracks in the 
2010/2011 season, compared with the 2009/2010 season, which is likely the 
result of increased promotion of the walking tracks (and onlookers taking 
interest in the Crater Hill wind turbines installation) as well as an higher 
tourist numbers and increased national programme visits to Cape Evans 
(Table 2).   Personnel working at Scott Base and McMurdo Station, number 
up to 1200 individuals over the summer months, were responsible for the 
majority of user counts at all tracks except the Wind Vane Hill walking track, 
where peaks corresponded to the arrival of tourist ships (i.e. 122 passengers 
from Quark Expeditions on 22 December 2009, Antarctica New Zealand 
2012).  Winter spikes in daily counts (e.g.  on 9 July 2010 at the Round 
Observation Hill track) (Fig. 4) may represent an special event, such as a fun-
run, organised by either base.  Tourists also visited Scott Base, McMurdo 
Station, Discovery Hut, and walked up Observation Hill as part of their cruise 
itinerary. However, they are likely to have represented only a small 
proportion of the total user counts on the Observation Hill tracks.  Tourists 
were not likely to have sufficient time to walk along the Crater Hill summit 
track, nor was it advertised by the tour operators.    
All tracks, except the Scott Base to McMurdo Station track, showed a 
decrease in users over winter, coinciding with the absence of tourists and a 
decrease in the number of personnel working at Scott Base and McMurdo 
Station.  Access was available to all tracks over the winter months, although 
both USAP and NZAP required users to travel in pairs and carry a radio, and 
the cold could have deterred some individuals.  It is possible that some of the 
track counter sites were intermittently covered in snow over the winter 
months.  Track counter sites were checked regularly by Scott Base winter 
science support and cleared if necessary.  
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Track characteristics 
Track width and incision measurements showed tracks traversing flat 
or gently sloping surfaces, such as the Scott Base to McMurdo Station and 
Round Observation Hill tracks, tended to be wider (R2 = 0.85), and have a 
smaller degree of track incision (R2 = 0.96), compared with tracks on steeper 
slopes (Table 2).  Past studies report that tracks with slopes of > 10 degrees 
are susceptible to erosion (Bratton and others 1979; Sun and Liddle 1993a,b; 
Marion and Olive 2006) as foot slippage on steep slopes causes track 
deepening (Sun and Liddle, 1993a).   The Up Observation Hill walking track 
was the narrowest, and the level of track incision increased as the slope of 
the track increased from 15º in the lower reaches, to 20º at the mid-point 
(location of the track counter), and up to 35º in the upper reaches of the 
track (Table 4).  Increased incision with increasing slope also occurred on the 
Crater Hill summit walking track (p <0.05).   On the longer established 
walking tracks, such as the Up Observation Hill and Scott Base to McMurdo 
Station tracks, track width and incision were consistent between year one 
and year two measurements, indicating that the walking tracks were in a 
steady state at time of sampling, and at the current intensity of use.  The 
more recently flagged Round Observation Hill, and Crater Hill walking tracks, 
however, showed increases in track width at the lower, less confined reaches 
of the track, and in the case of the Crater Hill walking track, increases in track 
incision in year two of the study (Table 4).   
We observed mountain bike skid marks on the Scott Base to McMurdo 
Station track and the Round Observation Hill walking track.  Studies have 
shown that impacts from mountain bikes include track widening, erosion 
from skidding, linear rut development, and increased soil compaction 
(Wilson and Seney 1994; Chiu and Kriwoken 2003; Olive and Marion 2009; 
Pickering and others 2010).  Although previous studies show no evidence of 
mountain bike impacts to soils being greater than the impacts of pedestrian 
traffic (Wilson and Seney 1994; Olive and Marion 2009), when ridden fast 
with heavy braking, on the relatively unconsolidated and bouldery material 
comprising Ross Island, and on steeper gradients, impacts may be greater 
than recreational walkers. 
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Moss and lichen were observed approximately 2 m off the Scott Base 
to McMurdo Station track and have also been observed on Crater Hill (J. 
Newman, Environmental Advisor to Antarctica New Zealand, personal 
communication, 3 May 2012).  The current Crater Hill summit track crosses 
through a vegetated area of mosses and lichen and there has been recent 
disturbance to the vegetation.   
 
Intensity of use relationships 
Under the trampling intensities experienced on the Ross Island walking 
tracks there were no significant relationships between the number of users 
and measured impact indicators nor any differences in the soil 
physiochemical properties, except bulk density, between walking tracks and 
control sites.  It is apparent that the slope of the terrain had the greatest 
influence on the track width and level of track incision, given that all sites 
comprise of similar scoriaceous basalt parent material.  At all walking tracks, 
except the relatively recently established (and promoted) Crater Hill walking 
track and the lower less confined and also recently flagged Round 
Observation Hill walking track, there were no significant differences between 
the measured impact indicators in year two of the investigation implying that 
current user intensities are not causing cumulative impacts in the measured 
parameters.  Differences in soil physiochemical properties between the 
tracks and controls fall within the natural spatial variability that is common 
to soils in the Ross Sea region.  Bulk density measurements were consistently 
higher in the near surface soil on walking tracks than the adjacent control 
sites (p <0.05), but there was no significant relationship between bulk 
density measurements and the number of track users. 
 
Application and future research 
Conservation management in Antarctica is a balance between the protection 
of natural and historic integrity of the site, while simultaneously allowing the 
use of the area for science, recreation, and tourism (Cessford and Thompson 
2002).  Campbell and others (1998a) showed that the unconsolidated nature 
of the Ross Sea region surface materials means visible tracks form quickly, 
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but increased usage of the formed tracks does not add greatly to impacts, and 
most visible impacts occur quickly and at low levels of use.  For this reason 
we recommend that recreational users should continue to use pre-existing 
tracks, and that the current tracks remain to concentrate visible impacts.    
Given the vegetation found in the vicinity of the Crater Hill summit 
track, it may be advantageous to re-route the track away from the vegetation.  
The young age and minimal development of the lower part of the Crater Hill 
summit track, if abandoned, will quickly recover, aesthetically, to resemble 
the surrounding undisturbed landscape.   
The walking tracks investigated in this study were limited to tracks on 
scoriaceous basalt parent material in relatively moist (by continental 
Antarctic standards) climatic conditions.  In order to better understand 
cumulative physical and visual impacts it would be advantageous to carry 
out similar track assessment studies in areas under different climate regimes 
and parent materials.  
Previous experimental trampling studies by Tejedo and others (2005, 
2009) in the maritime Antarctic South Shetland Islands, and Campbell and 
others (1998a) in the vicinity of Scott Base and Lake Vanda in the McMurdo 
Dry Valleys, showed changes in the biophysical characteristics of soil (such 
as increased soil resistance to compression, and decreased arthropod 
abundance), and track width, and track surface colour, under increased 
trampling intensities.  A complementary study into differences in microbial 
populations between walking tracks and adjacent undisturbed control sites 
would complement this research. 
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Conclusions 
The objective of this research was an increased understanding of the number 
of people using the Ross Island recreational walking tracks, and to 
investigate the relationships between the number of users and track soil 
physiochemical and morphological characteristics.   
Over the 2-year monitoring period 5084 passes were recorded on the 
Scott Base to McMurdo Station walking track, 2842 counts on the Wind Vane 
Hill walking track, 3561 on the Round Observation Hill walking track, 10936 
passes were recorded on the Up Observation Hill track, and 693 counts were 
recorded on the Crater Hill summit walking track. Annual data showed 
higher counts on all tracks in the 2010/2011 season, compared with the 
2009/2010 season, and that the highest frequency of visitors occurred on 
Sundays in the summer months, November through January.  The Scott Base 
to McMurdo Station track is used continuously throughout the year.  Peak 
daily counts at the Wind Vane Hill track coincided with the arrival of tourist 
ships, whereas Scott Base and McMurdo Station personnel were responsible 
for the peaks in traffic at the other four walking tracks in the vicinity of the 
stations.   
There was no relationship between the number of passes on the track 
and the measured impact indicators indicating that higher usage of a formed 
track had little cumulative impact.  Track width and incision were related to 
the slope of the terrain, with tracks traversing flatter areas generally wider 
(R2 = 0.85) and less incised (R2 = 0.96) than those traversing steeper 
hillsides.  Soil sampling of walking tracks and adjacent control material 
revealed no significant differences between the measured soil 
physiochemical properties, except soil bulk density.  An increase in soil bulk 
density (p <0.05) was observed in the walking tracks compared with 
adjacent less disturbed control material and is likely to be a direct result of 
footfall causing compaction of the near surface soil.  
Compared with other parts of the world the level of recreational use 
experienced on the Ross Island walking tracks is low.  However, previous 
studies in the Ross Sea region have shown that due to the unconsolidated 
nature of the surface materials, it takes as little as 20 passes on a surface for 
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a track to form.  For this reason we recommend that recreational users 
should continue to use pre-existing tracks to concentrate visible impacts.   
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Additional Notes: 
 
A preliminary investigation into the differences in microbial community 
structure between the Ross Island walking tracks and adjacent undisturbed 
control sites has been undertaken using microbial DNA profiling by terminal 
restriction fragment length polymorphism (TRFLP) (methods described in 
Chapter 6). 
 
Provisional ordination results indicate there may be some clustering of TRFs 
within the ordination space by treatment (i.e. track versus control), however 
it is neither simple nor consistent between tracks and between site 
differences in significant soil parameters seem to have an overriding effect 
on TRF clustering. 
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8  DISCUSSION AND CONCLUSIONS 
 
8.1 Introduction 
Under the broad aim of investigating impacts and soil recovery following 
physical soil disturbance due to human activity, five research objectives were 
addressed in this thesis.  The principal findings of each thesis chapter are 
summarised below.  This chapter closes with a synthesis including a 
discussion of the management implications arising from this thesis, 
environmental management applications that have already resulted, the 
limitations of my study, and recommendations for further research. 
 
8.2 Summary of main conclusions 
 
8.2.1 Environmental Impact Assessment effectiveness (Chapter 3) 
Objective one was to investigate the effectiveness of the current 
Environmental Impact Assessment (EIA) system with respect to managing 
the effects of visitor activity in the Ross Sea region of Antarctica.  Objective 
one was met by investigating five case studies, whereby the present state of 
the sites were assessed using visual site assessment methods (modified from 
Campbell et al. 1993 and Kiernan & McConnell, 2001), and a comparison was 
made between the predicted impacts set forth in the EIA and the actual 
impacts on the ground.  All five case studies demonstrated a high level of 
consistency between EIA-predicted impacts and actual impacts, appropriate 
remediation of sites post-event, and follow-up monitoring.  Additional key 
findings are listed below.  
 
 The greatest benefit of the EIA system is raising environmental 
awareness (or the obligation to abide by EIA promises of keeping 
away from a sensitive area, for example).  On the exterior the EIA 
process may appear superficial with a lot of generic form-filling, 
however, while relatively short on detail they are sufficient in 
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motivating visitors to take responsibility for their “footprint” on the 
environment.  
 The Loop Moraine field camp site illustrated the differences in 
recovery rates of confined tracks and randomly trampled sites.  
Where the EIA impacts were predicted to be ‘less than minor and 
transitory’, evidence of the campsite itself was undetectable, but the 
well-used tracks to and from the campsite were visible five years on.  
 Cleanup practices were of a high standard.  Where the raking out of 
tracks, redistribution of disturbed stones, and careful backfilling of 
excavations, had occurred, former occupation was almost 
undetectable.  At the Loop Moraine field camp, in hindsight the group 
may have chosen to either rake out formed tracks, or walk to their 
experimental sites and the toilet facilities in a random and 
widespread fashion, avoiding the formation of confined walking 
tracks. 
 The VISTA (Visitor Site Assessment Scheme) implemented by 
Antarctica New Zealand, attempts to address cumulative impacts and 
provide ongoing monitoring in the Taylor Valley Visitor Zone by 
building baseline information on recovery between tourist seasons.  
VISTA photo-replication revealed that the colour contrast between 
the walking tracks and the adjacent control persisted between 
seasons, however, was less pronounced after the site had a winter to 
recover; implying that some surface recovery occurs between tourist 
seasons.  
 EIA follow-up investigations are often a neglected element of the EIA 
process.  Effort should be made to systematically carry out 
evaluations on a regular basis to ensure the EIA process is effective.   
 
8.2.2 Desert Pavement Recovery Assessment method (Chapter 4) 
Objective two was to develop a reproducible, field-based method to assess 
desert pavement recovery following physical disturbance.  To meet this 
objective a simple Desert Pavement Recovery Assessment method (DPRA)  
201 
 
Physical impacts and recovery rates  
 
Chapter 8: Discussion and Conclusion  
 
was formulated (Chapter 4), and moves beyond previous methods that 
assess the degree of impact (Campbell et al. 1993).  The DPRA is based on a 
set of 11 criteria which were identified to change as a pavement recovers.  
The DPRA method was tested on 54 disturbed sites in the Ross Sea region, 
across a variety of parent materials, landforms, and climates.  The key 
outcomes are summarised below.  
 
 Eleven morphological features (termed recovery criteria), were 
identified to change over time as a desert pavement recovers from 
disturbance, and included: embeddedness of surface clasts; 
impressions of removed clasts; degree of clast surface weathering; % 
overturned clasts; salt on underside of clasts; development of salt 
coatings; armouring per m2; colour contrast; evidence of 
subsidence/melt out; accumulation of salt on cut surfaces; and 
evidence of patterned ground development. 
 Recovery criteria were assigned a severity rating on a scale from zero 
to four, and the Mean Recovery Index (MRI) of the site was calculated 
relative to an equivalent control.  Overall recovery stages were 
defined as recently or highly disturbed (MRI of 0-24%), incipient 
pavement (MRI of 25-49%), intermediate recovery (MRI of 50-74%), 
advanced recovery (MRI of 75-99%), and indistinguishable from 
control site (MRI = 100%). 
 Fifty of the 54 sites investigated were in an intermediate or higher 
stage of desert pavement recovery (i.e. MRI > 50%), 30 sites were in 
an advanced stage of recovery (i.e. MRI > 75%), and four sites were 
indistinguishable from adjacent control sites (MRI = 100%).   
 Five recovery criteria proved the most useful in determining the 
Mean Recovery Index of the sites investigated.  They were: 
embeddedness of surface clasts, impressions of removed clasts, % 
overturned clasts, armouring per m2, and colour contrast between the 
disturbed and control desert pavement sites.  
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 Active surfaces, such as gravel beach deposits, aeolian sand, and 
alluvial fan deposits, recovered relatively quickly and had higher 
MRIs, whereas less active sites of higher intensity disturbances, such 
as the bulldozed tracks at Marble Point had lower MRIs, and showed 
only intermediate recovery 20 to 30 years after disturbance.   
 Sites where desert pavements had been disturbed by randomly 
dispersed footprints, recovered to be undetectable (MRI = 100%) 
within five years, whereas sites with formed tracks resulting from 
repeated trampling, had lower MRIs (MRI = 82%).  
 Raking to re-contour tracked areas, such as the ice-free storage area 
at Cape Roberts, led to an advanced stage of desert pavement 
recovery within 10 years (MRI = 91%).  
 The DPRA field-based method provided reproducible methods that 
give semi-quantitative results for assessing environmental impacts of 
human activities.  The method was formulated to be a tool which can 
be used to advance environmental management in the Ross Sea 
region of Antarctica and allow different operators to have a 
reasonably replicable outcome.   
  
8.2.3 Visual recovery following foot and vehicle traffic (Chapter 5)  
Objective three was to investigate the visual recovery of the desert pavement 
following impacts from human trampling and vehicle traffic (Chapter 5).  
Objective three was two-fold; the second aim was to address the long-
standing question: what has the greatest visual impact, single file pedestrian 
movements which form a “track” or footprints being spread randomly over a 
wider area.  To meet objective three previously disturbed and nearby control 
sites were assessed using comparative photo-records, and two field-based 
techniques: the Visual Site Assessment of Campbell et al. (1993), and the 
Desert Pavement Recovery Assessment (Chapter 4).  Contrary to previous 
researchers who concluded that most visual disturbances persist in the 
landscape for decades to potentially hundreds of years (Campbell & Claridge, 
1987; Campbell et al. 1993, 1998a), overall extent of visual surface recovery 
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from the physical impacts of foot and vehicle traffic was higher than 
anticipated.  Key findings are listed below. 
 
 Eleven of the 12 study sites (all except the Taylor Valley Visitor Zone 
walking track) had a Mean Recovery Index (MRI) greater than 50%.  
Sites showing the greatest visual differences in desert pavement 
compared to an undisturbed control were the steep walking track in 
the Taylor Valley Visitor Zone (MRI = 39%) and the 1957/58 
bulldozer cut surface at Marble Point (MRI = 51%).  Highest MRIs 
were: the former tent site at the Loop Moraine (MRI = 100%, 
indistinguishable from the control site) and the vehicle track crossing 
periodically saturated ground at Marble Point (MRI = 98%). 
 Concentrating activity on more resilient parent materials, such as 
bouldery or bedrock surfaces, like those at the former Vanda Station 
site (MRI = 90%), and the Vanda Rocky treading trial site (MRI = 
96%), lessens visible impacts to the environment.   
 Walking in patterned ground cracks (as is practised by visitors to the 
Taylor Valley Visitor Zone) minimised impacts on stable desert 
pavement surfaces and should be undertaken where practicable;   
 Formed walking tracks, such as the tracks at the Loop Moraine, and 
Vanda treading trial tracks, remained visible in the landscape due to 
the persistence of larger rocks and loose material concentrated at the 
outer margins of the walking track.  However, randomly dispersed 
footprints on surfaces were often recovered to be undetectable within 
five years.   
 Widespread, dispersed trampling around one-off campsites is 
recommended to minimise the overall visible impact in the medium 
term.   
 At steep sloped sites, and sites where repeated visits occur, such as 
the Taylor Valley Visitor Zone, the use of a single confined walking 
track is recommended.   
 Site remediation activities, including replacing larger moved stones 
back in their original positions, ensuring that surface stones are 
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placed with the weathered side up, and raking of gravel sand-sized 
displaced materials, can all be effective at enhancing the rate and 
degree of visual surface recovery.   
 Remedial activities such as raking should only be carried out on areas 
that have been disturbed already, where there is gravelly sand 
materials which lack a strongly developed desert pavement. 
 Consideration must be given to ensure that the overall environmental 
effects of the remediative activities do not cause more impact than 
they cure, particularly with respect to potential impacts on microbial 
communities. 
 
8.2.4 Changes to bacterial community structure following simulated 
soil surface disturbance (Chapter 6)  
Objective four was to investigate the short-term effects of human 
disturbance on soil bacterial community structure at an experimental site 
near Scott Base (Chapter 6).  Three blocks, each comprising an undisturbed 
control, and an area disturbed by removing the top 2 cm of soil, were 
sampled over a time series (Day 0, 7, 14, 21, and 35), and the bacterial 
community structure was determined using microbial DNA profiling by 
terminal restriction fragment length polymorphism (TRFLP).  Key findings 
are listed below. 
 
 The simulated disturbance (removal of the top 2 cm of soil) did not 
cause any major shifts in the structure of the bacterial communities 
over the 35 day sampling period.   
 TRFLP analysis revealed that the soil replicate blocks supported 
distinct bacterial communities; and the composition of communities 
reflected the different spatial variability in soil physiochemical 
properties of the blocks.   
 Soil electrical conductivity (R2 = 0.55) and soil pH (R2 = 0.67) strongly 
correlated with TRFLP patterns and can be inferred as the most 
important factors controlling bacterial composition at the study site. 
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 Our data highlights the importance of local scale heterogeneity in 
structuring soil bacterial communities, and that distinct communities 
are possible within 2 m of one another, and within the same 
landscape unit.   
 Given the current knowledge of the drivers of bacterial community 
structure, i.e. soil EC, soil pH, and soil moisture content, we expect a 
disturbance of sufficient intensity to affect those properties 
mentioned, will cause a shift in bacterial community structure, over 
and above the time frame measured in this experiment.   
 A more rigorous follow-up investigation incorporating DNA and RNA-
based analyses over a time frame of 2-3 years would lead to a greater 
understanding of the effects of soil disturbance on bacterial 
communities. 
 
8.2.5 Ross Island recreational walking tracks (Chapter 7) 
Objective five was to investigate the number of people using the Ross Island 
recreational walking tracks, and examine the relationships between the 
numbers of users, track morphological characteristics, and soil 
physiochemical properties (Chapter 7).  In order to meet objective five 
infrared track counters were installed on five walking tracks on Ross Island.  
On each monitored walking track, track width and track incision, were 
measured, and soil sampling in the vicinity of the track counter and an 
adjacent control site was undertaken. Two years of data were obtained from 
each walking track with outcomes summarised below. 
 
 Between January 2009 and January 2011 5084 passes were recorded 
on the Scott Base to McMurdo Station walking track, 2842 on the 
Wind Vane Hill walking track, 3561 on the Round Observation Hill 
walking track, 10936 on the Up Observation Hill track, and 693 on the 
Crater Hill summit walking track (one year record on Crater Hill).   
 Annual data showed higher counts on all tracks in the 2010/2011 
season, compared with the 2009/2010 season, and the highest 
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frequency of visitors occurred on Sundays in the summer months, 
November through January.   
 The Scott Base to McMurdo Station track was used throughout the 
year.   
 Peak daily counts at the Wind Vane Hill track coincided with the 
arrival of tourist ships, whereas Scott Base and McMurdo Station 
personnel were responsible for the peaks in traffic at the other four 
walking tracks in the vicinity of the stations.   
 There was no relationship between the number of passes on the track 
and the measured impact indicators indicating that higher usage of a 
formed track had little cumulative impact.   
 Track width and track incision were related to the slope of the terrain, 
with tracks traversing flatter areas generally wider (R2 = 0.85) and 
less incised (R2 = 0.96) than those traversing steeper hillsides.   
 Soil sampling of walking tracks and adjacent control material revealed 
no significant differences between the measured soil physiochemical 
properties, except soil bulk density.  An increase in soil bulk density 
(p <0.05) was observed in the walking tracks compared with adjacent 
less disturbed control material and is likely to be a direct result of 
footfall causing compaction of the near surface soil.  
 
8.2.6 Surface processes affecting surface recovery 
The mechanisms for desert pavement recovery were similar to the drivers of 
desert pavement formation (see 2.3.1), including agents such as wind, the 
intermittent supply of water, and freeze-thaw action (Campbell and Claridge, 
1987; Haff and Werner, 1996; McFadden et al. 1987).  Wind action, through 
the processes of deflation (wind gusts and air turbulence detaching and 
lifting loose particles from the soil surface) transportation (surface creep, 
saltation, or suspension), and finally deposition (Hillel, 1998), was likely to 
be the primary driver of desert pavement recovery at the study sites 
(Bockheim 2010; Campbell and Claridge, 1987; Campbell et al. 1998a).  The 
midday heating a dry soil surface and microtopography of the soil surface are 
known to influence wind strength (Hillel, 1998) and therefore the inputs of 
energy available to regenerate disturbed surfaces.   
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Of the study sites, wind action in valley floors and low ridge sites, such as the 
Loop Moraine, former Vanda Station, Vanda experimental treading trial sites, 
and the Taylor Valley Visitor Zone sites in the McMurdo Dry Valleys, assisted 
in the rehabilitation of the desert pavement.  At most sites wind is likely to be 
the instigator in the first stages of formation of an incipient desert pavement.  
In instances where we had records of low level disturbance, such as impacts 
from the tent sites at the Loop Moraine field site in the Wright Valley, wind 
action is likely to have resulted in natural infilling of footprints, sorting of 
surface materials to re-create the surface armouring of coarser material, and 
thus recovery of randomly trampled areas.  Wind action, however, was not 
sufficient to redistribute larger clasts that lined the margins of several 
disturbed sites, such as the Loop Moraine walking-tracks, Marble Point 
bulldozer tracks, or diffuse the “indentation” visible across the walking 
tracks at the Loop Moraine and the Vanda Fan treading trial site. 
 
The intermittent supply of moisture may have assisted in desert pavement 
recovery at some of the study sites.  Disturbances occurring in the moist 
coastal climatic zones of Marble Point, the vicinity of Scott Base, Cape Evans, 
and Cape Roberts, are moistened by occasional summer snowfalls and spring 
snow thaw.  Subsequent repetitive freeze-thaw action may have also aided 
recovery, and over time, jostled surface clasts into a more embedded position 
in the desert pavement surface and along with windblown material infilled 
the impressions of removed clasts.  In the drier, central mountain climatic 
zones, such as in the McMurdo Dry Valleys, further from the coast, moisture 
available for soil surface processes is less, and recovery was generally not as 
advanced as equivalent intensity disturbances in moister areas.   
 
The rate and extent of desert pavement recovery at the sites investigated 
were attributed to the active surface processes mentioned above, in 
combination with factors including the intensity of the initial disturbance, 
parent material, and also the restoration and remediation efforts undertaken 
at the site (Chapters 4 and 5). 
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8.3 Synthesis and management implications 
Over the course of this research we sought out examples of “worst case 
scenarios” of past physical disturbances, where the mode, intensity, and 
timing of disturbance, were all well constrained.  The longevity of the former 
physical disturbance was investigated through visual site assessments 
(Campbell et al. 1993, Chapters 3 and 5) and through application of a new 
pavement recovery method (Chapters 4 and 5).  Individual results depended 
on the intensity of the disturbance, age and characteristics of the parent 
material, and the environmental conditions of the site.  When we consider 
the extent of human impacts in the Ross Sea region it is important to stand 
back and consider the timing, size, and scale of impacts.  The ice-free area 
visited by humans, relative to the Antarctic continent as a whole, is small and  
impacts occur as isolated pockets amongst largely unimpacted and pristine 
Antarctic wilderness.  While impacting a small portion of the total area, there 
have, however, been numerous cases of human-induced physical 
disturbances to parts of the Ross Sea region.  The most intense and long-
lasting visible impacts occurred around the current and former research 
bases (Chapters 4 and 5) in the late 1950s through to the 1970s (Campbell & 
Claridge 1987; Webster et al. 2003; Kennicutt II et al. 2010).  After which the 
environmental footprint of stations such as Scott Base and McMurdo Station 
on Ross Island have remained static or decreased (Kennicutt II et al. 2010), 
as environmental accountability , enhanced environmental management, and 
environmental awareness, increased (Chapters 3 and 5).  Sites, such as the 
former Vanda station, were once highly impacted areas and would have been 
criss-crossed with vehicle and walking tracks.  Yet, removed with some 
retrospective restoration and left to the rehabilitative action of active surface 
processes, it is now only the high intensity disturbances visible in the 
landscape.  All national programme personnel and visitors to Antarctica must 
now plan all activities and limit adverse impacts on the Antarctic 
environment and associated ecosystems (Chapter 6) under the Annex I and II 
of the 1991 ratified Protocol on Environmental Protection to the Antarctic 
Treaty.  Antarctic Treaty parties have introduced additional guidelines to 
avoid and minimise human impacts.   As a consequence, visitors take 
responsibility for their footprint on the environment, and as my research has 
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shown, there is a high level of consistency between EIA-predicted impacts 
and actual impacts on the ground (Chapter 3).   
 
What it means to protect wilderness and aesthetic values comes into 
question at the Taylor Valley Visitor Zone.  We can assume from the studies 
by Summerson and Bishop (2012) that most visitors to the Canada Glacier 
would agree that the existing confined tracks, which are a clear visual 
component of the landscape and are carried over year-to-year, detracts from 
the wilderness and aesthetic value of the Canada Glacier.  It is then a question 
of which is better: (a) to let the current site with lower wilderness values and 
lower aesthetic values recover and to choose a less vulnerable site for 
visitors to view a glacier, such as an area where movements are focussed on 
resilient bedrock; or (b) to continue to visit the current site and to keep 
impacts minimal by using existing walking tracks.         
 
Dissemination of the insights gained from investigations into the 
recoverability of different parent materials in the Ross Sea region (Chapters 
3-5 and Appendix 1) will allow national programme environmental 
managers to inform project leaders and visitors of the vulnerabilities and 
resilience of the areas they are working in.  Chapter 5 showed that in some 
instances, such as one-off campsites, the visual impacts associated with 
widespread trampling are recoverable to pre-disturbance condition within a  
few years.  Whereas at sites where repeated visits are likely to occur, such as 
tourist sites (Chapter 5 and Appendix 2) and well-used recreational walking 
tracks (Chapter 7), visible tracks form quickly due to the unconsolidated 
nature of many Ross Sea region surface materials (Campbell et al. 1993; 
1998a) and increased usage of the formed tracks does not add greatly to 
impacts (Chapter 7).  As a result, recreational users should continue to use 
pre-existing tracks, and the current tracks remain to concentrate visible 
impacts.  This research can contribute to better informed decisions regarding 
site selection, impact mitigation, and remediation measures, whereby many 
of the soil impacts caused by low intensity soil disturbance activities could be 
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avoided, through educating visitors of the longevity of impacts and recovery 
capabilities of the landscapes they are visiting. 
 
A significant challenge to environmental managers in the Ross Sea region is 
monitoring the disturbance history of sites used by a variety of visitors and 
national programmes.  A high level of coordination is required and Antarctica 
New Zealand has taken steps by implementing the VISTA scheme at sites 
such as the Taylor Valley Visitor Zone.  The baseline data that is currently 
being collected in the Taylor Valley Visitor Zone and other frequently visited 
sites is important as it provides information against which cumulative 
impacts can be assessed in the future.  I recommend that the Crater Hill 
summit track and surrounds be monitored for any signs of increased 
physical disturbance, particularly if use of the summit track is publicised to 
the McMurdo Station personnel (few USAP personnel currently use the 
walking track). 
 
8.4 Environmental management applications of this work 
Over the course of two field seasons in the Ross Sea region we were asked to 
assist Antarctica New Zealand (New Zealand’s Crown Entity responsible for 
developing, managing, and executing New Zealand Government activities in 
Antarctica) with two projects:  1) A request for an amendment to Antarctic 
Heritage Trust’s Initial Environmental Evaluation for restoration of Scott’s 
Terra Nova Hut at Cape Evans (Appendix 1); and 2) An investigation into the 
current state of the environment at the Canada Glacier Tourism Zone [now 
known as the Taylor Valley Visitor Zone] (Appendix 2).   
 
We investigated the impacts of relocating the Antarctic Heritage Trust field 
camp from West Beach to Home Beach, a site closer to their workplace 
(Appendix 1).  The report concluded that there were no physical differences 
between the West Beach and Home Beach sites, and both camp locations 
were sites of previous disturbance.  Complete visible recovery of Home 
Beach, formerly the site of the Greenpeace World Park Base, indicated that 
active surface processes (i.e. wind, melt-water, and waves) on the 
unconsolidated and unweathered gravelly-sand beach deposits would be 
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expected to aid in the recovery of any field camp disturbance to pre-
disturbance condition within a year or two; presuming buildings were 
removed and the site restored as much as possible.  Our report contributed 
to the Ministry of Foreign Affairs and Trade, Antarctic Policy Unit, 
sanctioning the relocation of the Antarctic Heritage Trust field camp at Cape 
Evans, to Home Beach.   
 
The second report (Appendix 2) was utilised by Antarctica New Zealand in 
the revision process of the Taylor Valley Visitor Zone (formerly Canada 
Glacier Tourism Zone) Management Plan.  A number of recommendations 
were adopted at the June 2011 SCAR Antarctic Treaty Consultative Meeting 
in Buenos Aires, including changing the Taylor Valley Visitor Zone 
boundaries to avoid moist soils and mossy patches at the terminus of the 
Canada Glacier.  
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8.5 Limitations of this study 
Fieldwork in Antarctica always has limitations due to time and logistic 
constraints.  We undertook two successful field campaigns and obtained 
valuable data.  Nevertheless limitations of this study included: 
 
 Age and weathering stage of the surfaces investigated 
The study sites investigated were disturbed surfaces of weathering stages 1 
through to 2.  We did not include examples of older, more weathered sites, 
with weathering stages 3 through to 6.  Older surfaces predominantly occur 
at high elevations and nearer the polar plateau, are typically more strongly 
weathered, and thus more vulnerable to disturbance (Bockheim, 2010; 
Campbell & Claridge, 1987; Campbell et al. 1998b).  Most of the areas 
impacted by humans occur at lower elevations, in the valley floors and near 
the coast, and we have a good representation of the younger surfaces in this 
study.  Further work is warranted to investigate the rehabilitative capability 
of older highly weathered surfaces (although there are far fewer examples of 
existing major disturbances available on these sites). 
 
 Statistical analysis and need for larger data sets 
Simple exploratory data analysis, including two-way ANOVA, were 
undertaken during the development of the Desert Pavement Recovery 
Assessment method to look at the relationships between the Mean Recovery 
Index and variations in parent material, climate, time since disturbance, and 
severity of disturbance.  Despite what we know about the rate of landscape 
recovery in the Ross Sea region, there were no apparent statistical 
relationships.  We also looked at a multivariate approach and sought advice 
from a statistical advisor at the University of Waikato but found the dataset 
too small with insufficient numbers of observations in all combinations to 
produce a useful principle components analysis.   
 
The logistics limitations, lack of historic information on disturbed sites, and 
necessarily opportunistic nature of fieldwork in Antarctica meant we lacked 
a statistically balanced range of disturbances (surface age, level of intensity,  
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length since disturbance etc.).  A problem encountered in the field was that 
we could only assess the severely impacted sites (where impacts were visibly 
long lasting), as the less impacted sites >10 years old had recovered and 
were therefore not visible in the landscape.  There are no accurate records of 
location or degree of impacts for sites which had minor disturbance 10 to 50 
years ago.  Currently the New Zealand Antarctic Programme (as do many 
others) requires that visitors give GPS coordinates for all camping locations, 
and experimental sites.  Precise location information will improve the ability 
to revisit and assess sites and accumulate data on the recoverability of sites 
over time. 
 
8.6 Recommendations for further research  
The following areas are suggested for further investigation.  
 
 Extend the Desert Pavement Recovery Assessment method for 
application to other parts of the Antarctic continent and high Arctic 
environments. 
 Incorporate RNA-based analyses into an extended (2-3 years) 
investigation into the effects of soil disturbance on bacterial 
communities.  RNA-based analyses might better reflect changes in 
metabolically active community structure. 
 Using a range of different modes and intensities of physical 
disturbance, investigate previously disturbed sites around the Ross 
Sea region and examine whether the microbial community in 
disturbed soils is structured differently than that in adjacent 
undisturbed soils. 
 Investigate any differences in Environmental Impact Assessment 
effectiveness across national programmes. 
 Use remotely sensed data (satellite data and aerial photographs) to 
spatially depict the extent of, and temporal changes in, impacted 
areas. 
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 The Environmental Domains Analysis (Morgan et al. 2007; Morgan, 
submitted) is a systematic environmental classification framework 
that allows similar environments to be grouped based on the 
location’s environmental character regardless of their geographic 
location.  There is potential to add information on human impacts and 
resilience into the Antarctic Environmental Domains Analysis system. 
 Extend the collection of cumulative effects baseline data, such as the 
data collected for the Antarctica New Zealand VISTA scheme, to other 
frequently visited sites in the Ross Sea region.  The Crater Hill summit 
track, a newly flagged track, for instance, may experience increased 
traffic over time.  Cumulative impacts research needs to be 
maintained so national programmes are able to monitor any changes 
that might be occurring.   
 
8.5 Conclusions  
 
A field-based method was developed that can be used to assess desert 
pavement recovery.  The Desert Pavement Recovery Assessment method is 
based on a set of recovery criteria identified to change over time as a surface 
recovers.  The method allows the user to categorise the relative stage of 
pavement recovery of a disturbed surface along a continuous spectrum of 
desert pavement rehabilitation.  The method can be added to the repertoire 
of tools available to environmental managers, giving repeatable, semi-
quantitative results for assessing impacts of human activities on the soil 
surface; which can be used to assess how a site is recovering over time. 
 
Using visual site assessment methods and desert pavement recovery 
assessments I concluded that the extent of visual surface recovery from the 
physical impacts of foot and vehicle traffic was higher than sometimes 
reported.  Many of the visual soil impacts can be avoided, or remedied, if field 
parties are aware of the recovery capabilities of the areas they are working 
in.  Concentrating activity on young, active, and readily recoverable surfaces, 
or resilient bedrock, is recommended.  At some sites walking tracks 
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remained visible in the landscape (due to surface recontouring and larger 
clasts concentrating along track margins), whereas at one-off campsites, 
footprints from dispersed trampling were undetectable within five years.  
For steep slopes and sites where repeated visits occur, use of a single track is 
recommended.  At sites where visually obvious impacts were remediated, 
visible evidence of former occupation was almost undetectable.   
 
Infrared track counters recorded the number of users on five Ross Island 
walking tracks.  There was no relationship between the number of passes on 
the track and the measured impacts, indicating that higher usage of a formed 
track had little cumulative impact.  Rather, measured impacts were a 
function of track slope.  An increase in soil dry bulk density, was observed in 
the walking tracks compared with adjacent less disturbed control material.  
 
There was no significant shift in short-term bacterial community structure 
over a 35 day sampling period in response to removal of the top 2 cm of soil 
at an experimental site near Scott Base.  Local scale (< 2 m) heterogeneity in 
soil electricity conductivity and soil pH correlated with differences in 
bacterial community structure.  Further investigation to determine longer 
term (2-3 years) changes to microbial community structure in response to 
soil disturbances needs to be undertaken. 
 
An investigation into the effectiveness of Environmental Impact Assessments 
at five case studies revealed a high standard of environmental management.  
At most sites Environmental Impact Assessment-predicted impacts were in 
agreement with the impacts observed.  Site remediation practices were 
effective, post-event monitoring undertaken, and consequently, when 
assisted by active surface recovery processes, visual site recovery was high.  
Investigations showed that the Environmental Impact Assessment process 
effectively raised awareness, thus motivating visitors to take responsibility 
for their activities.  Effort should be made to carry out comparisons between 
impacts predicted in Environmental Impact Assessments and the eventual 
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outcomes on a regular basis to ensure the Environmental Impact Assessment 
process is effective. 
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ABSTRACT 
 
The ice-free regions of Cape Evans have been sites of human occupation, 
activity, and consequently disturbance, since the heroic era of Scott and 
others in the early 1900’s.   
 
The objectives of this report are to assess and compare the potential impacts 
of camp establishment at Home Beach (the proposal campsite for AHT) with 
those at the existing West Beach designated campsite.  This study assesses 
the abilities of the materials of Home and West beaches to recover from 
impacts related to camping.  There was also concern regarding the potential 
to remobilise any remaining hydrocarbons from a reported fuel spill at the 
site, should camping activity be allowed to resume in the area. 
 
Home Beach and the designated campsite at West Beach are similar in terms 
of parent material, slope, environment and proximity to nesting skuas.  The 
nature of the parent material at both sites is such that it favours relatively 
quick recovery from disturbances such as foot traffic. 
 
Visual Site Assessment, Soil Vulnerability Indices and fuel spill investigations 
conclude that there is little or no evidence of former base activities. Both sites 
have relatively high recovery abilities due to their proximity to the sea, snow 
banks, sorting by the wind and snowmelt runoff, and also due to their 
relatively unweathered gravel composition, and recent age.  There is 
evidence of patterned ground formation, another sign of a stable landscape.  
 
The Home Beach environment has recovered from the impacts of the 
Greenpeace World Park Base site which is now difficult to identify.  Future 
destabilization or remobilization of fuel spills is unlikely with no remaining 
hydrocarbon material identified.  Greenpeace has set a fine standard in base 
removal and site remediation, as well as follow up monitoring of the Home 
Beach site.   
 Physical impacts and recovery rates 
 
256 
Appendix 1: Home Beach vs West Beach 
Report 
Our investigations reveal no particular environmental impediments to 
establishing a short-term camp on Home Beach. However, we would be 
reluctant to see the longer-term designated campsite moved to Home Beach 
due to the visual impacts on the environs of Scott’s Terra Nova Hut. 
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1. INTRODUCTION 
The Antarctic Heritage Trust (AHT) are currently in the process of restoring 
Scott’s Terra Nova Hut, Cape Evans, Ross Island, and have permit to do so 
until October 2013.  AHT have applied to the Ministry of Foreign Affairs and 
Trade (MFAT), Antarctic Policy Unit, for a variation to approved activities in 
their current IEE, and Antarctica New Zealand have been asked to advise 
MFAT if there is likely to be any adverse impacts to the environment as a 
direct result of changes to the approved activities.   
 
With the Cape Evans Management Plan up for review in 2010, AHT have 
requested to relocate their current campsite on West Beach (the current 
NZAP designated Cape Evans campsite) to Home Beach (former site of the 
Greenpeace World Park Base).  AHT indicate that relocation to Home Beach 
will “reduce the walk to the work site by one third, increase efficiency and 
safety, and minimise tracking impacts”.   
 
Greenpeace established its World Park Base on Home Beach at Cape Evans, 
Ross Island (77° 38' S, 166° 24' E) in the austral summer of 1986/87 on the 
site of the Footsteps of Scott Expedition (including its hut, which was 
incorporated into the Greenpeace station) (Hemmings, 2005).  The station 
was decommissioned, removed and the former site remediated in the austral 
summer of 1991/1992.  Environmental monitoring of the site was carried out 
by Greenpeace in 1991/92, 1992/93 and 1995/1996.   
 
Investigation of the site of the former Greenpeace base provides a good 
opportunity to assess the abilities of the materials in the area to recover from 
impacts related to camping.  There was also concern regarding the potential 
to remobilise any remaining hydrocarbons from a reported fuel spill at the 
site, should camping activity be allowed to resume in the area. 
 
The objectives of this report are to assess and compare the potential impacts 
of camp establishment at Home Beach (the proposal campsite for AHT) with 
those at the existing West Beach designated campsite.  
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2.   SITE INFORMATION 
Cape Evans is a small, triangular shaped, ice-free area in the south west of 
Ross Island, 10 kilometres south of Cape Royds and 22 kilometres north of 
Hut Point Peninsula on Ross Island.  Cape Evans is a site of significant historic 
value, namely, Scott’s Terra Nova Hut and associated artefacts within the 
vicinity, as well as other significant monuments such as the Cross on Wind 
Vane Hill, and it is the location of many early advances in the physical and 
biological sciences (Photo 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 1:  Location of current NZAP campsite at West Beach, and its proximity to North and 
South Bay, and Wind Vane Hill (observation point for Scott’s Terra Nova Hut).   
 
The ice-free area of Cape Evans is composed of basalt bedrock partially 
covered by till.  West Beach (Photo 1) is currently the NZAP designated 
campsite, and site of the helo pad.  There are currently four wannigans 
occupying the flat surface some 3 m from the shoreline.  Both Home Beach 
(Photos 2 and 3) and West Beach (Photos 2 and 4) are active sandy gravel 
beaches, comprising uniform sub-angular gravels derived from scoriaceous 
basalt. 
North Bay 
West Beach 
- designated campsite 
South Bay 
Wind Vane Hill 
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The former Greenpeace base site at Home Beach is on a raised beach terrace 
about 5 m above sea-level between low rock outcrops and the present beach.  
A small shallow lake, Skua Lake (Photo 2), and a small temporary stream that 
is the lake’s outlet to the sea, are located 50 m to the south of the former base 
site.  Similarly the current designated campsite at West Beach is about 3 m 
above sea-level, and both areas have soil profiles characterised by a surface 
of sub-angular pebbles, underlain by a 10-20 cm layer of single grained , 
poorly sorted, sandy gravel, and well sorted coarse sand (Roura, 2004, and 
this study).  At both sites ice cement was between 30 and 40 cm depth on the 
11th January 2009.  The underlying material is basaltic bedrock, which crops 
out landward of the active and raised beaches at both sites. 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 2:  Oblique view of North Bay showing current NZAP campsite at West Beach, former 
Greenpeace World Park Base site at Home Beach and their proximity to Scott’s Terra Nova 
Hut.  Note the large snowdrift between West Beach and Terra Nova Hut.   
Home 
Beach 
Terra Nova Hut 
West Beach 
Skua Lake 
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Photo 3:  Home Beach site (11 January 2009).  Photo is taken looking westwards towards 
the AHT temporary workshops, and Terra Nova Hut.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 4:  West Beach site (8 January 2009).  Photo is taken from a rock outcrop at North 
Cape looking eastwards towards the Terra Nova Hut (not visible), Home Beach, and the 
Barne Glacier.   
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3. METHODOLOGY 
Assessment of the present state of the Home Beach and West Beach sites 
were carried out.   Photos and graphs were used as a means of locating the 
site of the former Greenpeace base, and the various geomorphological 
structures of the area were identified.  Evidence of previous occupation was 
photo-documented, and GPS locations recorded for future site recovery 
studies.  A detailed soil profile description, and bulk density measurements, 
along with soil sampling for further chemical and physical analysis was 
undertaken near the current location of the AHT workshops.  Nine spade-
width holes were dug to the depth of ice-cemented permafrost 
(approximately 40 cm below the surface) around the vicinity of the former 
fuel rack; and the “sniff test” conducted to check for any evidence of 
hydrocarbons.  
 
 Visual Site Assessments and Soil Vulnerability Indexes: 
 
A slightly modified version the Visual Site Assessment (VSA) method of 
Campbell et al., (1993) was undertaken at two sites on Home Beach (an 
example of which has been included in Appendix 1).  The Soil Vulnerability 
Index (SVI) of McLeod et al., (in prep) was also implemented at both sites.  
The SVI provides a disturbance rating (over 10 boot imprints) and a recovery 
rating (governed by the nature of the parent material) of the soil.  At each site 
10 steps were tracked across the surface, imprints studied, and the number 
of nil versus partial breakthrough versus complete boot imprint 
breakthrough into the 2nd layer (horizon) of soil was counted and recorded.  
Based on the McLeod Index the relative susceptibility of the Home Beach and 
West Beach sites to damage from foot and vehicle traffic was determined. 
 
 Soil sampling and description:   
 
Sampling depths were dictated by depth to ice-cement, and included the 
desert pavement, underlying horizon/s, and the ice-rich horizon immediately 
above the ice-cemented permafrost.  Two soil pits were excavated to a 
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maximum dimension of 50 cm by 75 cm deep (or ice-cemented permafrost if 
shallower); and horizons set apart from one another on a ground sheet, 
described, sampled, and then backfilled in the correct order. 
 
 Soil physical and chemical analyses: 
 
Soil samples were analysed for water content in the lab facilities at Scott Base 
during the 2008/2009 field season.  Further chemical analyses including pH, 
electrical conductivity, water soluble cations and anions will be undertaken 
at the MAF-accredited soils lab at Waikato University.   
 
For further information on methods refer to K026 2008-2009 Field Season 
Immediate Science Report to Antarctica New Zealand. 
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4. RESULTS  
 
4.1. Evidence of former Greenpeace World Park Base 
 
4.1.1. Trace of former buildings 
The main visible evidence of the former Greenpeace base was the unnatural 
gravel mounds associated with the removal of persistent snow drifts from 
the landward side of the building in the time of the former base (Photo 5), 
and the “unnaturally” placed cobbles and boulders on top of the raised beach 
surface (Photos 7 and 8).  Overall there was little other evidence of the 
former base.  There was no evidence of structures such as the drainage 
trench, SATCOM tower, or food storage hut. A lag gravel deposit has reformed 
over the entire site.  To the trained eye, there is a faint trace of a corner of the 
main building (the side pointing to, and closest to, Scott's Hut) where the 
area was levelled and Greenpeace cut into the ridge that runs parallel to the 
shoreline  (Photos 5 and 6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 5:  Trace of former corner of main building and unnatural mounds 
of gravel likely to have resulted from clearing snow from behind the 
building.   
“unnatural”  
gravel mounds 
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4.1.2. Visual Site Assessments (VSA) 
The VSA conducted on the raised beach surface showed no evidence of 
permafrost degradation in backfilled areas, no visual expressions of fuel 
spills on the surface, or remnants of walking tracks or drains, or any obvious 
differences in texture or surface colour when compared with nearby 
undisturbed beach surfaces.  There is evidence of somewhat artificial looking 
boulders “placed” on the surface post-remediation (Photos 7 and 8), and also 
the odd nail or small (<10 cm long) piece of wood scattered across the 
surface. On an original undisturbed surface the artificial looking rocks would 
be incorporated into the pavement, sitting somewhere halfway embedded 
into the surface. 
 
 
 
 
 
 
 
Photo 6:  Red lines indicate corner of the former main building.  Note bag 
for scale.  
 
265 
 
Physical impacts and recovery rates  
 
Appendix 1: Home Beach vs West Beach 
Report 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.1.3. Former spill sites 
Former spill sites were not visible.  After careful determination of the 
location of the former fuel rack site, nine spade-width holes were dug.  Holes 
were dug in hollows, and areas that we thought may have been infilled after 
spill contaminated soils were removed, and in sites that appeared darker on 
the surface, downhill from the location of the fuel storage site (Photo 3).  
 
 
 
Photo 7:  Home Beach site.  Artificially placed boulders on the beach surface.  
Assumed to have been placed during Greenpeace remediation efforts.   
 
Photo 8:  Home Beach site.  Unnatural boulders.    
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In eight of the nine holes ice-cemented permafrost was encountered at  
approximately 40 cm, and in the other site groundwater was encountered 45 
cm below the surface.  No hydrocarbon odour or presence was detected 
(Photo 9), and it is likely that after the initial volatilisation of lighter fuels, any 
remaining hydrocarbons from 1988 to 1992 base activity have subsequently 
washed laterally along the ice-cement interface, through the highly 
permeable beach gravels and been dispersed in the ocean. Groundwater at 45 
cm is also a good indication of lateral flow, this again reinforces the 
impression that any remaining fuels would have likely been dispersed into 
the sea.  Dark patches (Photo 3) on the surface were moist areas, likely to be 
the surficial expression of patterned ground polygons, thus reflecting an 
underground feature, and not associated with hydrocarbon spills. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 9:  The “sniff” test.  A quick test for hydrocarbon 
contamination.  Photographer:  Megan Balks. 
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4.1.4. Former tracks 
There is faint evidence of a former track junction to the north east of the 
former Greenpeace base, north east of the fuel rack, which we believe to be 
the tracks that led to Greenpeace’s climate station near “The Ramp” and the 
other, across past Skua Lake to South Bay.  Only the first 10 m of the tracks 
are evident, but are not obvious to the untrained eye.  We approximate their 
location by the presence of larger stones, cobbles and boulders being pushed 
to the outer edge of the former track – a common process as a result of 
repeated foot traffic (Photo 10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 10:  Former tracks to “The Ramp” and South Bay.   
 
The Home Beach site and the wetland and lake area behind is still 
infrequently traversed today, but not nearly as heavily trafficked as it would 
have been while Greenpeace inhabited the area.  The occasional 
contemporary footprint was evident but we regard the site to be in a state of 
equilibrium.   
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4.1.5. Overall impacts of Greenpeace World Park Base 
VSA, SVI and former fuel spill investigations conclude that there is little or no 
evidence of former base activities, which reflects the recoverability of the 
active landscape.  Given that this is an active beach area, subject to wind, 
snow, and occasionally open-ocean, the surface pavement across the area has 
long since recovered.  Furthermore, there is evidence of patterned ground 
formation, another sign of a stable landscape.  
 
The lack of evidence of the former Greenpeace base at Home Beach is also a 
testament to the efforts Greenpeace put into the decommissioning 
operations, site remediation and post-remedial monitoring.     
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4.2. Route of existing and proposed walks 
The walk from the existing West Beach campsite to Scott’s Terra Nova Hut is 
shown in photos 11 through 13.  The current route from West Beach causes 
minimal “tracking” as most of the traffic footprint is over a long-term 
snowbank surface (Photo 12). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 11: The 
walk from West 
Beach campsite 
to Terra Nova 
Hut.   
Photo 12: 
Across the 
snowbank 
towards Terra 
Nova Hut.   
Photo 13:  Back 
on terra firma 
– the heavily 
trafficked 
beach in front 
of Scott’s Terra 
Nova Hut.   
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The proposed walk from the Home Beach campsite to Scott’s Terra Nova Hut 
includes crossing a stream and is shown in photos 14 through 17.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 14: The 
walk from 
Home Beach to 
Terra Nova Hut.   
Photo 16: The 
walk from 
Home Beach to 
Terra Nova Hut.  
Note: Stream 
crossing.  
Photo 15: The 
walk from 
Home Beach to 
Terra Nova Hut.  
Note: AHT 
workshops and 
stream.     
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Photo 17:  The walk from Home Beach camp to Terra Nova Hut.  Note: red line shows route 
through a small snowbank between camp, AHT workshops and Scott’s Hut.  
 
The proposed walk from the Home Beach campsite to Scott’s Terra Nova Hut 
includes crossing a stream and takes 3 to 5 minutes, whilst walking to the 
existing camp involves crossing a snowbank and takes 5 to 7 minutes. 
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5. DISCUSSION 
The Home Beach and West Beach sites have been disturbed in the past, and 
are both active, resilient, readily recoverable surfaces.  Both sites have 
relatively high recovery abilities due to their proximity to the sea, snow 
banks, sorting by the wind and snowmelt runoff, and also due to their 
relatively unweathered gravel composition, and recent age.    
 
The Home Beach environment has recovered with the impacts at the 
Greenpeace World Park Base site now being difficult to identify.  Future 
destabilization or remobilization of fuel spills is unlikely with no remaining 
hydrocarbon material identified.  Greenpeace has set a fine standard in base 
removal and site remediation, as well as follow up monitoring of the Home 
Beach site.   
 
In terms of parent material, slope, environment, proximity to nesting skuas, 
both Home Beach and the designated campsite at West Beach are similar 
(Photos 18 and 19).  The nature of the parent material at both sites is such 
that it favours relatively quick recovery from disturbances such as foot 
traffic. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 18:  West Beach site.  A heavily trafficked, yet highly active 
and readily recoverable, resilient beach surface.   
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We recommend that the Cape Evans Management Plan, current designated 
campsite, and current helo pad location, should remain at West Beach.  We 
believe its present location is the best location to protect the visual integrity 
of Scott’s Terra Nova Hut.  Presently, landing at West Beach one gets an 
unobstructed view of Scott’s Hut and the stunning vista of Mt Erebus in the 
background (Photo 20). From Scott’s Hut and the lookout on Wind Vane Hill, 
the West Beach campsite is out of ones line of vision, whereas, we feel that a 
permanent relocation of the NZARP designated camp to Home Beach will 
detract from Scott’s Terra Nova Hut, Mt Erebus, and the other artefacts 
within the ASPA.   
 
If AHT were approved to move their campsite temporarily to Home Beach for 
the duration of their conservation and restoration project, it is our view, 
given the Greenpeace World Park Base experience and provided appropriate 
removal of camping equipment and appropriate remediation, a Home Beach 
campsite would recover quickly and within 5 years evidence of its presence 
would have largely disappeared.     
 
 
Photo 19: Home Beach site.  Formerly heavily trafficked, now 
considered fully recovered, active, resilient beach surface.  
 
 Physical impacts and recovery rates 
 
274 
Appendix 1: Home Beach vs West Beach 
Report 
 
 
 
 
 
 
 
 
 
 
          
 
 
 
 
Photo 20:  The current NZARP campsite and helo pad site.  Photographer:  Tanya O’Neill. 
 
275 
 
Physical impacts and recovery rates  
 
Appendix 1: Home Beach vs West Beach 
Report 
6. CONCLUSIONS 
 Both Home Beach and West Beach are formed from recent scoriaceous 
basalt gravel beach deposits which are relatively unweathered, highly 
resilient surfaces. 
 There are no physical differences between the Home Beach and West 
Beach sites; both are sites of previous disturbance. 
 Due to active surface processes (wind, meltwater and waves) both 
sites are expected to recover within a year or two from trampling and 
other impacts associated with camp activity; presuming buildings are 
removed and the site restored as much as possible. 
 We found no evidence of any remaining fuel spill at Home Beach and 
do not consider it a potential hazard for a campsite. 
 Walking from the existing campsite to Scott’s Terra Nova Hut is 
causing minimal “tracking” as most of the traffic footprint is over a 
long-term snowbank surface.  The existing route from camp to work 
takes 5 to 7 minutes. 
 Walking from Scott’s Terra Nova Hut to the proposed Home Beach 
campsite includes crossing a stream and takes 3 to 5 minutes. 
 We would be reluctant to see the longer-term designated campsite 
moved to Home Beach due to the visual impacts on the environs of 
Scott’s Terra Nova Hut. 
 We see no particular environmental impediments to establishing a 
short-term camp on Home Beach. 
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Canada Glacier Tourism Zone (now Taylor Valley Visitor 
Zone), state of the environment report for Antarctica 
New Zealand 
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ABSTRACT 
 
The Canada Glacier Tourism Zone (CGTZ) is located directly in front of the 
Canada Glacier, a small polar glacier flowing southeast into the northern side 
of Taylor Valley, McMurdo Dry Valleys, Antarctica. Designated as a ‘Tourism 
Zone’ in 1995, the CGTZ is currently the only area in the McMurdo Dry 
Valleys where “tourism” may occur. 
 
This report details our observations during a 3-hour visit to the CGTZ on the 
30th of December 2009.  Given the forthcoming review of the CGTZ 
Management Plan, the objectives of this report are to comment on the 
current state of the CGTZ, noting ground disturbance, areas of resilience and 
vulnerability, the tracking behaviour of the tourists (evidence of deviation 
from established tracks), and comment on any evidence of recovery between 
seasons.  
 
Four specific sites were investigated using Visual Site Assessment, Soil 
Vulnerability Indices and Desert Pavement Recovery Assessment methods.  
Our observations and VISTA photo-replication suggest that the physical 
impacts of the tracks within the CGTZ persist between seasons.  Distinct foot-
prints are not evident, however an overall contrast in pavement colour 
between the track and adjacent undisturbed mixed till pavement was 
evident.  We suggest there was some pavement recovery occurring between 
seasons, likely to be a function of wind and/or snow action, however, tracks 
remain due to larger clasts being concentrated on the outer margin of the 
track, where without remediation, they remain indefinitely.   
 
We suggest that permanent low marker poles should be erected along the 
north-western boundary of the CGTZ at CG3, CG4, and CG5; between the 
Tourism Zone, pro-glacial ponds and the glacier.   This will stop traffic 
wandering too close to the moist sediment near the pond margins, and 
minimise impacts to algae.  The lower section of the CGTZ between the helo 
pad and foot of the Lookout hill should be clearly defined so tourism 
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operators and science programme visitors can easily locate the flagged route 
and to avoid multiple tracks forming.  It is preferable to keep visitors to a 
single confined track in all areas of the TZ, following patterned ground cracks 
where possible, and particularly in the steeper sections of the Lookout hill.  A 
single confined track will preserve the existing undisturbed desert pavement 
adjacent to current tracks, preserving the natural integrity of the landscape.     
 
There was evidence of recent foot-prints between the CGTZ boundary and 
glacier (presumably from science personnel in the area).  Thus we think it is 
advisable to discourage other visitors, such as science programme personnel, 
from walking along the CGTZ boundary, to avoid confusion within tourist 
groups as if tourists see others have walked outside the boundary they may 
wish to do so also.  The implementation of permanent markers across the 
north-western boundary and between the helo pad and base of the Lookout 
hill will assist in this effort.  General trampling around the vicinity of the helo 
pad had recovered well between the end of the previous tourist season and 
our visit.  
 
Overall the CGTZ is well managed, and it is clear that tourist operators go to 
great efforts to ensure their clients follow a single flagged track.  
Furthermore, the CGTZ provides an excellent ‘Dry Valleys experience’ for 
tourists as it is fairly typical of the environment with attractive glacier views 
and a prominent hilltop providing an excellent viewing platform.    
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1. INTRODUCTION 
 
The McMurdo Dry Valleys are located in southern Victoria Land along the 
western coast of McMurdo Sound, southern Ross Sea, at approximately 77°S, 
162°E. An area of approximately 15,000 km2 is designated as an Antarctic 
Specially Managed Area (ASMA) to manage human activities in the valleys, 
for the protection of scientific, wilderness, ecological, and aesthetic values. 
 
One specific site within the ASMA area, near the Canada Glacier (Figure 1 and 
2), was further designated as a ‘Tourism Zone’ within the ASMA in 1995.  The 
Tourism Zone is the only site in the Dry Valleys where “tourism” may occur, 
and was selected as a site where “safe and easy access and movement within 
the area can be reasonably assured with minimal impact to science activities 
or the environment” (ANZ, 2004b, p. 10).  The ASMA management plan does 
not specify any particular limits on the numbers of tourists that can access 
the zone, but does provide a number of items of guidance to tour operators 
(Appendix 1). 
 
Tourist cruises to the Ross Sea Region have, in recent years, started to visit the 
Canada Glacier Tourist Zone (CGTZ) as part of their regular itineraries.  A total of 
434 people have landed between the summers of 2006/2007 and 2008/2009; with 
224 people visiting the site in the 2006/2007 season, 117 in the 2007/2008 season, 
and 93 in the 2008/2009 season.  Average landing times are close to 9 hours (entire 
party).  Research program activity also occurs at this site, with substantial USAP 
camps at nearby Lake Fryxell and Lake Hoare, so total visitor numbers are difficult 
to quantify.  Access is only by helicopter as the Tourism Zone is approximately sixty 
kilometres from Scott Base and approximately forty kilometres from the nearest 
position that an ice-breaker can usually be positioned in McMurdo Sound. The 
tourism zone is approximately 350x300 m, dominated by a low (approximately 30 
m high) hill, and is covered in gravely rocky till.  A recent topographic map of the 
CGTZ, showing the boundary markers, helicopter landing pad, and features within 
the zone is shown below (Figure 2).   
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Figure 2:  Canada Glacier Tourism Zone and associated features.  CG1-9 are boundary 
markers.  Source: Canada Glacier Tourism Zone Management Plan.  ATCM, 2004.   
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Tourists are landed at a designated helicopter landing site and are then led 
by expedition guides around a roughly circular track that encompasses the 
more popular features of the zone (Antarctica New Zealand file notes, 
undated).  Small guided groups explore a number of features including 
mummified seal carcases, a small patch of moss/lichen vegetation, the 
adjacent snout and pro-glacial lakes of the Canada Glacier (Photo 1), and 
walk to a lookout for a view of the glacier and wider area (Photo 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 1:  Canada Glacier Tourism Zone and associated features. 
Canada Glacier 
Lookout hill 
Pro-glacial lakes 
Mummified seal 
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This report details our observations during a 3-hour visit to the CGTZ on the 
30th of December 2009.  Given that the ASMA 2 (including the CGTZ) 
Management Plan is up for review in 2010, we were asked by the 
Environmental Management team of Antarctica New Zealand to comment on 
the current state of the Tourism Zone, noting ground disturbance, areas of 
resilience and vulnerability, the tracking behaviour of the tourists (evidence 
of deviation from established tracks), and comment on any evidence of 
recovery between seasons.   
Photo 2:  The view of the edge of the Canada Glacier from the Lookout.    
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2.   METHODS 
Assessment of the impacts of human activity on the soil surface of the CGTZ 
was carried out using on-site observations, including:  a set of replicable fixed 
point photos (VISTA, provided by Jana Newman, Antarctica New Zealand); 
Visual Site Assessments (VSA); Soil Vulnerability Indices (SVI); and Desert 
Pavement Recovery Assessments (DPRA).  VSA, SVI, and DPRA were 
undertaken at four locations within the Tourism Zone, with impacts photo-
documented, and GPS points recorded for future site recovery studies.   
 
2.1 Visual Site Assessments and Soil Vulnerability Indices 
A slightly modified version the VSA method of Campbell et al., (1993) was 
undertaken at four sites within the CGTZ (an example of which has been 
included in Appendix 2).  The SVI of McLeod et al., (in prep) was also 
implemented at the four sites.  The SVI provides a disturbance rating (over 
10 boot imprints) and a recovery rating (governed by the nature of the 
parent material) of the soil.  At each site 10 steps were tracked across the 
surface, imprints studied, and the number of nil versus partial breakthrough 
versus complete boot imprint breakthrough into the 2nd layer (horizon) of 
soil was counted and recorded.  Based on the McLeod Index the relative 
susceptibility of the four sites to damage from foot and vehicle traffic was 
determined.  The higher the SVI rating, the more vulnerable the site is to 
disturbance. 
 
2.2 Desert Pavement Recovery Assessment 
The DPRA system (Appendix 3) was formulated based on 13 distinguishing 
morphological features that change over time as the pavement re-establishes 
and stabilises (O’Neill et al., in prep).  Features included clast characteristics, 
such as embeddedness, impressions and attributes to describe clast 
characteristics (e.g. ventifacted, pitted); surface colour contrast; degree of 
deflation; varnish; pavement crust coherence and thickness; nature of 
pavement armour (packing and % of surface armoured); presence of salt 
coatings on rock undersides, as well as general surface stability (e.g. evidence  
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of subsidence, melt, recent disturbance, and concentrations of salt).   
 
The DPRA was applied to each site, and a relative % recovery for each 
parameter was calculated compared to a control or undisturbed equivalent 
surface.  An overall Mean Recovery Index (MRI) was then assigned to each 
pavement surface, and is expressed as pavement Recovery Stage (RS) one 
through five (Table 1). 
 
 
Table 1.  Mean Recovery Index (MRI) and Recovery Stage (RS)  
 
 
 
 
 
 
 
MRI (%) Recovery Stage
0-24 Recently or highly disturbed 
25-49 Incipient pavement
50-74 Intermediate recovery
75-99 Advanced recovery
100 Indistinguishable from control site
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3. OBSERVATIONS: 
 
3.1 Observations and concerns from previous Representatives: 
Jana Newman, Antarctica New Zealand, Environmental Officer, in her 
summary of the Canada Glacier Tourism Zone, reported the following: 
 
 There is obvious tracking at the site, most notably on the hills and 
around the helicopter landing site.   
 Representative observations and VISTA photo-documentation have 
shown that the tracking at the site is quite persistent across seasons; 
although there seems to be some variability in the definition of the 
tracks, suggesting some recovery between visits.   
 Minor tracking in the softer sediment around the margins of the pro-
glacial ponds and terminus of the Canada Glacier have been noted.   
 Ground disturbance associated with helicopter movement is evident, 
but minor and transitory. 
 Cumulative effects of regular visitation (namely helicopter activity and 
foot-traffic) have been questioned. 
 Past Representatives have also questioned the use of Confined tracks 
versus dispersed movement of visitors in relation to site recovery. 
 
 
3.2 Observations at the CGTZ on 30th December 2009: 
 Fresh helo skid marks were visible on the designated landing pad; 
although there was no evidence of wheel-marks, indicating it was 
likely that tourists had not yet visited in the 2009/2010 season.  There 
was minor impact from helicopter activity. 
 There are multiple tracks in the lower regions of the Tourism Zone 
between the helo pad and foot of the steeper part of the lookout hill.  
We suggest one clearly marked track to confine trafficking impacts. 
 Indistinct foot-prints from the helo pad to the lower reaches of the 
track up the lookout hill; initially quite dispersed these become 
confined and follow natural patterned ground cracks up the gentle 
slope.  Patterned ground cracks are naturally active parts of the 
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landscape, making last season’s foot-prints on the lower confines of 
the hillslope, difficult to detect.   
 Given the extensive foot-prints that would have occurred around the 
helo pad and emergency shelter area, season-to-season recovery is 
remarkably good; with old foot-prints in these well-trampled areas 
barely detectable.  Our new foot-prints were however immediately 
evident.   
 Tracking on the middle and upper sections of the lookout hill are more 
obvious due to the colour contrast between the tracks and adjacent 
undisturbed mixed till pavement.  Track formation has resulted in the 
concentration of finer material in the middle of the track, and coarser 
(in this case often darker) clasts accumulating on the edges of the 
tracks.    
 A single track is clearly attempted to be maintained up to the rock 
cairn on top of the hill.  Minimal evidence of deviation from this track 
was observed. 
 On the hilltop foot-prints are indistinct, although patches of finer 
material are evident, implying the area has been well-trampled.  Areas 
showing little disturbance and a good armouring of pebble-sized 
clasts suggest the effect of wind and snow aids in the recovery of the 
hilltop between seasons.   
 Towards the glacier-front a single track is enforced in the steeper 
declines; foot-prints and deeper foot-slip marks are obvious here.  The 
track is narrow (average of 40 cm across) and well-defined to the 
bamboo marker pole, where the track widens slightly as the gradient 
of the slope decreases.   
 VISTA photo-replication shows that the tracks within the CGTZ persist 
between seasons, remaining visible in the landscape. This is ultimately 
the result of the larger pavement clasts being pushed to the outer 
margin of the tracks where they remain indefinitely, even if the 
pavement within the track itself begins to recover. 
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 North-western boundaries between the pro-glacial ponds and the 
glacier-proper are ill-defined and there is evidence of wandering foot-
prints (most likely 2009/2010 season research programme 
personnel) outside of boundaries between CG3 and CG4 (Figure 2).  
We were told that scientists are known to follow the pond edge whilst 
traversing between Lake Fryxell and Lake Hoare; this being the 
quickest route of least resistance, clearly bringing them outside CG3, 
CG4, and CG5.   
 The grid coordinates for boundary marker CG1, as shown on the latest 
Raytheon topographic map of the Tourism Zone, are incorrect and the 
easting should be 163o03.556’ E (CG1 = 77o37.609’ S 163o03.556’ E).  
 As observers familiar with the McMurdo Dry Valleys we felt that the 
CGTZ provides an excellent ‘Dry Valleys experience’ for tourists as it is 
fairly typical of the environment with attractive glacier views and a 
prominent hilltop providing an excellent viewing platform.    
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4. SPECIFIC SITES 
 
Four sites were investigated:  1) Lower track up to the Canada Glacier 
lookout, 2) Lookout on the hilltop, 3) Steep track to the terminus of the 
Canada Glacier, and 4) Low-lying soft, sand-rich site 10 m from pro-glacial 
lake and boundary CG3.  The data are reported below for each site and 
interpretation of results is given in the following discussion.  Full site 
description, VSA, SVI, and DPRA data is included in Appendix 4.     
 
4.1 Lower Track up to the Lookout 
The Lower Track up to the Lookout (see Appendix 4 for site details) is 
generally well confined and follows the natural patterned ground cracks up 
the gentle slope (Photo 3).  The track was evident due to the paucity of large 
stones and faint residual indentations of foot-prints.  However, the desert 
pavement surface had re-established providing a stable, natural surface.  VSA, 
SVI, and DPRA investigations show the site is relatively resilient to 
trafficking, recovers well between seasons; and has a recovery stage of four, 
or relatively advanced recovery.    
 
 
 
 
 
 
 
 
 
 
 
 
4.2 Lookout 
 
The Lookout (Appendix 4) is inevitability an area of widespread trampling as it is the main 
vantage point for views of the Canada Glacier.  However, the area shows good surface 
pavement recovery, with a well armoured desert pavement and little evidence of residual 
foot-prints (Photo 2).  Around the cairns there are patches of finer material (Photo 4), but 
overall surface recovery is likely to be attributed to wind and snow action between summer 
seasons.   VSA, SVI, and DPRA investigations show the site is resilient to trafficking, 
recovers well between seasons; and has a recovery stage of four, or relatively advanced 
recovery.    
 Photo 3:  Lower Track up to the Canada Glacier Lookout.  Note track follows natural patterned 
ground cracks.  Marks on the tape measure an in 10 cm intervals.   
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4.2 Lookout 
The Lookout (Appendix 4) is inevitability an area of widespread trampling as 
it is the main vantage point for views of the Canada Glacier.  However, the 
area shows good surface pavement recovery, with a well armoured desert 
pavement and little evidence of residual foot-prints (Photo 2).  Around the 
cairns there are patches of finer material (Photo 4), but overall surface 
recovery is likely to be attributed to wind and snow action between summer 
seasons.   VSA, SVI, and DPRA investigations show the site is resilient to 
trafficking, recovers well between seasons; and has a recovery stage of four, 
or relatively advanced recovery.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3 Steep Track to terminus of Canada Glacier 
The Steep Track (Appendix 4) from the Lookout to the Pro-glacial Lake 
Margin is one of the most vulnerable parts of the Tourism Zone.  The steep 
gradient of the track and loose nature of the till materials, unavoidably 
results in greater visible impacts from foot-traffic, deeper print, and foot-
scrape marks, and as a result, it is preferable that all visitors stay on a single 
confined track.  Photos 5, 6 and 7 suggest deviation from the current track  
Photo 4:  Mixed till pavement at Canada Glacier Lookout.   
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has occurred in the past, and that the pavement is capable of recovering from 
these one-off deviations; however, the use of a confined single track is 
advised.  As visitors approach the bamboo marker pole the track widens as 
the gradient of the slope decreases.   VISTA (Antarctica New Zealand Visual 
Site Assessment Scheme), VSA, SVI, and DPRA investigations show the site is 
vulnerable to the immediate and cumulative effects of foot-traffic, however, 
does show some recovery between seasons.  The Steep Track site has a Mean 
Recovery Index of 42%, which equates to Recovery Stage 2-3, or Incipient-
Intermediate Recovery.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 5:  Steep slope from Lookout to bamboo pole and Canada Glacier front.  
Note arrows show some previous trampling on either side of the track, and our 
own fresh foot-prints on the track. 
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VISTA photo-replication was carried out at the Steep Track from the 
Lookout to the Pro-glacial Lake Margin.  This involved replicating a key ‘fixed 
point photo’ using key marker points, in this case a bamboo marker pole, so 
changes in ground disturbance can be visually monitored between seasons. 
Photo point replication on the Steep Track showed that the physical impacts 
of the track within the CGTZ persist between seasons (Photo 8, 9 and 10).   
Photo 6:  Our fresh 
foot-prints on the 
steep track from 
Canada Glacier 
Lookout.  Note: 
narrow width of 
track compared with 
the lower track up 
to the lookout and 
accumulation of 
large clasts along 
the margin of the 
track.  Arrows show 
traces of old foot-
prints faintly visible 
either side of the 
present day track.  
Photo 7:  Desert 
pavement on the 
steep track control 
site.  The site shows 
signs of prior 
trampling but the 
desert pavement 
has recovered and is 
largely intact.   
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Photo 9:  08/09 
season,  
pre-83 visitors 
(Photo supplied: 
Clayton-Greene) 
 
  
Photo 8:  06/07 
season, post-96 
visitors 
(Photo supplied: Jana 
Newman) 
 
Photo 10:  09/10 
season, before first 
tourists 
(Photo supplied: 
Jeronimo Lopez-
Martinez)  
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Distinct foot-prints from the previous summer season where 93 tourists 
landed (plus unknown numbers of science personnel) were not evident.   Our 
new foot-prints were however clearly evident as were one set we interpreted 
as recently formed, probably by a local science research person traversing 
the area.   An overall contrast in pavement colour between the track and  
adjacent undisturbed mixed till pavement was evident, and is carried over 
season-to-season (Photo 8, 9, and 10). The colour difference was 
predominately a result of the larger (and in this case darker) pavement clasts 
being pushed to the outer margin of the track, concentrated, where they 
remain for the foreseeable future, even if the desert pavement within the 
track itself begins to recover.  It is important to note, however, photos 8 and 
10 show that the colour contrast between track and control is much less 
pronounced after the site has had a winter to recover; implying recovery of 
the desert pavement does occur between tourist seasons. 
 
 
4.4 Pro-glacial Lake Margin 
The Pro-glacial Lake Margin (Photo 11 and Appendix 4) site is another 
vulnerable area within the CGTZ.  The North-western boundary between the 
TZ, pro-glacial lakes and Canada Glacier-proper are ill-defined and there is 
evidence of wandering foot-prints outside of boundary markers CG2 and CG3 
(Figure 2).  Foot-prints were fresh and most likely a result of 2009-2010 
season research programme personnel traversing between Lake Fryxell and 
Lake Hoare.  We recommend the North-western boundary of the CGTZ be 
clearly marked to avoid visitors disturbing the susceptible pro-glacial lake 
margin; and that the National Programmes that currently work in the Taylor 
Valley communicate with and educate the importance of one rule for all 
visitors to the area.  Tourists should not have one set of rules and National 
Programme personnel another as it will cause confusion and animosity.  VSA, 
SVI, and DPRA investigations show this moist site would recover quickly 
from the effects of foot-traffic, however, ASMA 2 Guidelines for the Tourism 
Zone indicate that pond beds should be avoided.    
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Photo 11: Low-lying wet, sand-rich till site on the edge of the CGTZ, on margin of pro-glacial 
lake and CG3. 
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5. CONCLUSIONS 
 
 The CGTZ provides an excellent ‘Dry Valleys experience’ for tourists as 
it is fairly typical of the environment with attractive glacier views and 
a prominent hilltop providing an excellent viewing platform.   We 
were impressed with the overall management of the CGTZ; how well 
the site recovered between seasons; and it is clear that tourist 
operators go to great efforts to ensure their clients follow a single 
flagged track.   
 
 VISTA photo-replication shows that the physical impacts of the tracks 
within the CGTZ persist between seasons.  Distinct foot-prints were 
not evident; except for ours and one set we interpreted as recently 
formed, probably by a local science research person traversing the 
area.   An overall contrast in pavement colour between the track and 
adjacent undisturbed mixed till pavement was evident; and due to the 
concentration of larger clasts being pushed to the outer margin of the 
track, where they remain for the foreseeable future. 
 
 VISTA photo-replication shows that the colour contrast between track 
and adjacent control is much less pronounced after the site has had a 
winter to recover; implying desert pavement recovery does occur 
between tourist seasons 
 
 Trampling is unavoidable around the helo pad, however there is 
evidence for good recovery of desert pavement between seasons.   
 
 We suggest one clearly marked track (low cairns = natural rock of the 
area; or other low marker poles) between the helo pad and foot of the 
Lookout hill to confine trafficking impacts.  If cairns are used it must 
be made clear to tourists that they are there for a purpose and 
building further cairns is unacceptable. 
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 A single track along pre-existing patterned ground cracks has 
generally been maintained up to the rock cairn on top of the hill.  It 
was apparent that most visitors were staying on the track.   
 
 On the hilltop ‘Lookout’ patches which lacked coarse fragments were 
evident, implying the area has been well-trampled.  Overall the hilltop 
Lookout showed little disturbance and a good armouring of pebble-
sized clasts suggest the effect of wind and snow aids in the recovery 
the site between seasons.   
 
 A steep single track was formed between the Lookout and the glacier 
front.  Our foot-prints and foot-slip marks were very distinct due to 
the steep decline of this track and loose nature of the till materials.  A 
confined track is most appropriate on the steep surface. 
 
 The North-western boundaries between the pro-glacial ponds and the 
Canada Glacier were ill-defined and there was evidence of wandering 
foot-prints outside of the boundaries between CG2 and CG3. 
 
 Our observations suggest there was some recovery of the desert 
pavement between seasons, likely to be a function of wind and/or 
snow action, however tracks remain due to larger clasts being 
concentrated on the outer margin of the track, where, without 
remediation, they remain indefinitely.   
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6. RECOMMENDATIONS 
 
The lower section of the CGTZ between the helo pad and foot of the Lookout 
hill should be clearly defined so tourism operators and science programme 
visitors can easily locate the flagged route and to avoid multiple tracks 
forming. 
  
We suggest that permanent low marker poles should be erected along the 
north-western boundary of the CGTZ at CG3, CG4, and CG5; between the 
Tourism Zone, pro-glacial ponds and the glacier.  This will stop traffic 
wandering too close to the moist sediment near the pond margins, and 
minimise impacts to algae.   
 
Research by Campbell and others (1998) has shown that once a track has 
formed (within 20 or so passes) the cumulative impacts of larger numbers of 
people following the same track are minimal.  Thus at this site we consider it 
preferable to keep visitors to a single confined track in all areas of the TZ, 
particularly in the steeper sections of the Lookout hill.  A single confined 
track will preserve the existing undisturbed desert pavement adjacent to 
current tracks, preserving the natural integrity of the landscape.     
 
For consistency we recommend all traffic within the CGTZ should stay on 
pre-existing tracks, following patterned ground cracks where possible.  It is 
advisable to discourage all other visitors to the area (e.g. science programme 
personnel) from walking along the CGTZ boundary, as this will avoid 
confusion within tourist groups and between different operators.  The 
implementation of permanent markers across the north-western boundary 
and between the helo pad and base of the Lookout hill will assist in the effort 
to minimize the human footprint in the CGTZ. 
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APPENDIX 1: 
 
Guidelines for the Tourism Zone 
Special guidelines for activities within the Tourism Zone include that: 
 
 Tourist movements in the Tourism Zone should be conducted in small, 
guided groups; 
 Tour operators should ensure that footpaths in the Tourism Zone are 
clearly marked and that visitors stay on those routes. Markers used to 
mark tourist routes and sites of interest should be removed at the end 
of each visit; 
 Tour expedition landings should be made at a landing site at 
77.6358°S, 163.0656°E; 
 Tents should only be established at the designated site and groups 
should not camp in the Tourism Zone except for reasons of safety; 
 Stream and pond beds should be avoided. If streams must be crossed, 
designated crossing points including existing boulders should be used; 
and 
 Activities planned for and conducted within the Zone should be in 
accordance with ATCM Recommendation XVIII-1. 
 
The Tourism Zone is located in the Taylor Valley by the Canada Glacier. The 
boundary goes from a northernmost point by the Canada Glacier, southeast 
to a point northwest of a mossy area and nearby mummified seal, continuing 
southwest along the Canada Glacier, south to a point southwest of a bamboo 
marker, southeast to a point south of a rock cairn, southeast following high 
points encompassing the flat area of the Zone and a footpath to a point in the 
south, north continuing to parallel the footpath along elevated features in the 
landscape, northwest passing northeast of a mummified seal and the tent site 
and back to the original northernmost point by the Canada Glacier. 
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APPENDIX 4: 
 
Site Specific Visual Site Assessment, Soil Vulnerability, and Desert 
Pavement Recovery Assessment Data 
 
 
4.1 Lower Track up to the Lookout 
Site number:  TAO-10-25 
Location:  Lower Track up to the CG Lookout (Photo 3) 
GPS:  77° 37' 35.3'' S, 163° 03' 18.6'' E 
Elevation:  30 m 
Site description:  Lower confined track up to the CG Lookout; following 
patterned ground crack.   
Parent material:  Mixed till; dominated by Ferrar dolerite and Beacon 
sandstone. 
Slope: 3 degrees 
Track width: 80 to 100 cm.  
Disturbance history: Present day access track to the glacier Lookout.  Track 
has been in use since at least 1995.  Last tourist use approximately 9 months 
prior to our visit, at the end of the 2008/2009 summer.  
 
 
Visual Site Assessment:   
  
 
 
 
Impact Assessment Criteria: A = disturbed surface stones; B = impressions of removed 
rocks; C = boot imprints; D = visibly disturbed area; E = surface colour difference; G = other 
surface impressions; H = walking tracks; I = foreign objects; J = visible fuel spills; K = salt 
deposition; L = biological disturbance; M = cumulative impact; N = stratigraphic disturbance; 
O = textural change; P = rock cairns; Q = paint marks.  Severity and Extent of Impacts: 
rating of 1 is least disturbed/impacted, rating of 4 is severely disturbed/impacted.  
 
 
Soil Vulnerability Index:   
Lower Track - 10@1 = 100 
Lower Track, control - 5@2, 1@1, 4@0 = 110 
 
 
Site A B C D E G H I J K L M N O P Q
Lower Track 4 1 3 4 2 1 4 1 1 1 1 4 4 4 1 1
Lower Track, control 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Desert Pavement Recovery Assessment:   
 
Parameter Lower Track Lower Track % recovery
control
i 3 1 33.3
ii 4 4 100.0
iii 2.5 2.5 100.0
iv 4 1 25.0
v 4 3 75.0
vi 1.5 1.5 100.0
vii 4 3 75.0
viii 4 1 25.0
ix 0 0 100.0
x 0 0 100.0
xi 0 0 100.0
xii 0 0 100.0
xiii 3 3 100.0
MRI 79.5  
 
Classification criteria: I = embeddedness; ii = impressions; iii = clast weathering; iv = % 
overturned clasts; v = salt undersides; vi = salt nature; vii = % armouring; viii = colour 
contrast; ix = crust integrity; x = crust thickness; xi = subsidence/melt; xii = salt 
accumulation; xiii = patterned ground development.   
 
 
Mean Recovery Index (MRI) is 79.5%, which equates to Recovery Stage 4, 
or Advanced Recovery.   
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4.2 Lookout 
Site number:  TAO-10-26 
Location:  CG Lookout, near rock cairn (Photo 2) 
GPS:  77° 37' 38.7'' S, 163° 03' 03.6'' E 
Elevation:  53 m 
Site description:  Flat, top of the prominent CGTZ hill, CG Lookout.  
Parent material:  Mixed till pavement (Photo 4); dominated by Ferrar 
dolerite and Beacon sandstone.   
Slope: 0 degrees; flat 
Disturbance history: Present day viewpoint of the terminus of the Canada 
Glacier.  Lookout has been in use since at least 1995. 
 
Visual Site Assessment:    
 
 
 
 
Impact Assessment Criteria: A = disturbed surface stones; B = impressions of removed 
rocks; C = boot imprints; D = visibly disturbed area; E = surface colour difference; G = other 
surface impressions; H = walking tracks; I = foreign objects; J = visible fuel spills; K = salt 
deposition; L = biological disturbance; M = cumulative impact; N = stratigraphic disturbance; 
O = textural change; P = rock cairns; Q = paint marks.  Severity and Extent of Impacts: 
rating of 1 is least disturbed/impacted, rating of 4 is severely disturbed/impacted.  
 
 
 
Soil Vulnerability Index:   
Lookout - 7@1, 3@0 = 70 
Lookout, control - 1@1, 9@0 = 10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site A B C D E G H I J K L M N O P Q
Lookout 4 2 3 4 3 1 4 1 1 1 1 4 2 3 3 1
Lookout, control 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Desert Pavement Recovery Assessment:   
 
Parameter Lookout Lookout % recovery
control
i 3 2 66.7
ii 4 2 50.0
iii 2.5 2.5 100.0
iv 4 3 75.0
v 4 4 100.0
vi 2 2 100.0
vii 4 3 75.0
viii 4 1 25.0
ix 0 0 100.0
x 0 0 100.0
xi 0 0 100.0
xii 0 0 100.0
xiii 4 4 100.0
MRI 84.0  
 
Classification criteria: I = embeddedness; ii = impressions; iii = clast weathering; iv = % 
overturned clasts; v = salt undersides; vi = salt nature; vii = % armouring; viii = colour 
contrast; ix = crust integrity; x = crust thickness; xi = subsidence/melt; xii = salt 
accumulation; xiii = patterned ground development.   
 
Mean Recovery Index (MRI) is 84%, which equates to Recovery Stage 4, or 
Advanced Recovery.   
 
 
 
4.3 Steep Track to terminus of Canada Glacier 
Site number:  TAO-10-27 
Location:  Steep slope from Lookout to bamboo pole (Photo 5) 
GPS:  77° 37' 37.6'' S, 163° 02' 52.4'' E 
Elevation:  76 m 
Site description:  Steep track from Lookout to the bamboo VISTA pole and 
terminus of the Canada Glacier.    
Parent material:  Mixed till (Photos 6 and 7); dominated by Ferrar dolerite 
and Beacon sandstone. 
Slope: 20+ degrees; steep. 
Track width: average 40 cm (Photo 6) 
Disturbance history: Part of the present day circuit from the CG Lookout to 
the north-western boundary of the CGTZ and terminus of the Canada Glacier.   
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Likely that this track has been in use since at least 1995. 
 
 
Visual Site Assessment:    
 
 
 
 
Impact Assessment Criteria: A = disturbed surface stones; B = impressions of removed 
rocks; C = boot imprints; D = visibly disturbed area; E = surface colour difference; G = other 
surface impressions; H = walking tracks; I = foreign objects; J = visible fuel spills; K = salt 
deposition; L = biological disturbance; M = cumulative impact; N = stratigraphic disturbance; 
O = textural change; P = rock cairns; Q = paint marks.  Severity and Extent of Impacts: 
rating of 1 is least disturbed/impacted, rating of 4 is severely disturbed/impacted.  
 
 
Soil Vulnerability Index:   
Steep Track - 6@1, 4@2 = 140 
Steep Track, control - 8@1, 2@0 = 80 
 
 
Desert Pavement Recovery Assessment:   
 
Parameter Steep Track Steep Track % recovery
control
i 3 0 0.0
ii 4 1 25.0
iii 2.5 2.5 100.0
iv 4 0 0.0
v 4 0 0.0
vi 2 0 0.0
vii 3.5 0 0.0
viii 4 1 25.0
ix 0 0 100.0
x 0 0 100.0
xi 0 0 100.0
xii 0 0 100.0
xiii 3 0 0.0
MRI 42.3  
 
Classification criteria: I = embeddedness; ii = impressions; iii = clast weathering; iv = % 
overturned clasts; v = salt undersides; vi = salt nature; vii = % armouring; viii = colour 
contrast; ix = crust integrity; x = crust thickness; xi = subsidence/melt; xii = salt 
accumulation; xiii = patterned ground development.   
 
Mean Recovery Index (MRI) is 42%, which equates to Recovery Stage 2-3, or 
Incipient-Intermediate Recovery.   
 
Site A B C D E G H I J K L M N O P Q
Steep Track 4 2 4 4 4 1 4 1 1 1 1 4 4 4 1 1
Steep Track, control 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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4.4 Pro-glacial Lake Margin 
Site number:  TAO-10-28 
Location:  Low-lying soft sand-rich site 10 m from pro-glacial lake and CG 3 
(Photo 11). 
GPS:  77° 07' 04.4'' S, 163° 02' 48.3'' E 
Elevation:  39 m 
Site description:  Low-lying wet and soft sand-rich till site on the edge of the 
CGTZ, 10 m from pro-glacial lake and CG3.    
Parent material:  Mixed till and sand; dominated by Ferrar dolerite and 
Beacon sandstone. 
Slope: 0 degrees; flat. 
Disturbance history: Reasonably undisturbed site on the edge of the CGTZ.  
Some evidence of scattered foot-traffic, but no major traffic flow. 
 
Visual Site Assessment:    
 
 
 
 
 
 
Impact Assessment Criteria: A = disturbed surface stones; B = impressions of removed rocks; C = boot 
imprints; D = visibly disturbed area; E = surface colour difference; G = other surface impressions; H = 
walking tracks; I = foreign objects; J = visible fuel spills; K = salt deposition; L = biological disturbance; M = 
cumulative impact; N = stratigraphic disturbance; O = textural change; P = rock cairns; Q = paint marks.  
Severity and Extent of Impacts: rating of 1 is least disturbed/impacted, rating of 4 is severely 
disturbed/impacted.  
 
 
Soil Vulnerability Index:   
CGTZ margin, near pro-glacial lake – 8@2, 2@0 = 160 
Control - 8@2, 2@0 = 160 
 
 
 
 
 
 
 
 
 
 
 
 
Site A B C D E G H I J K L M N O P Q
CGTZ margin, near 1 1 2 2 1 1 1 1 1 1 1 2 1 1 1 1
proglacial lake
Control 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Desert Pavement Recovery Assessment:  
  
Parameter Control CGTZ margin % recovery
i 4 4 100.0
ii 4 4 100.0
iii 2 2 100.0
iv 4 4 100.0
v 0 0 100.0
vi 0 0 100.0
vii 3 3 100.0
viii 0 0 100.0
ix 0 0 100.0
x 0 0 100.0
xi 0 0 100.0
xii 0 0 100.0
xiii 0 0 100.0
MRI 100.0  
 
Classification criteria: I = embeddedness; ii = impressions; iii = clast weathering; iv = % 
overturned clasts; v = salt undersides; vi = salt nature; vii = % armouring; viii = colour 
contrast; ix = crust integrity; x = crust thickness; xi = subsidence/melt; xii = salt 
accumulation; xiii = patterned ground development.   
 
 
Mean Recovery Index (MRI) is 100%, which equates to Recovery Stage 5, or 
indistinguishable from an undisturbed site.   
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